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EXECUTIVE SUMMARY

Introduction

This technical report outlines the development of a cutting-edge
in-situ testing method for assessing air void distribution in
concrete, which is a vital factor for ensuring the material’s quality
and durability. This is particularly relevant for Indiana, a state
that experiences harsh winter conditions and multiple freeze-thaw
cycles. The proposed testing method aimed to accurately evaluate
air void distribution in hardened concrete. Our focus was on the
volumetric ratio and spatial distribution of these voids, comple-
mented by the regression model and imaging program.

Existing standard testing methods for fresh concrete, such as
ASTM C231 and the Super Air Meter (SAM), exhibited
significant variability (around 20%). This variability often leads
to issues like reduced strength, shrinkage, freeze-thaw damage,
and other durability problems, which are largely due to an
incomplete understanding of the spatial distribution of air voids.
Our proposed in-situ air void detection technology was designed
to identify these issues, thus allowing for intelligent maintenance
of concrete structures. Furthermore, recognizing that the phase-
changing nature of fresh concrete leads to a variable and uncertain
air void system, our project prioritizes the assessment of air voids
in hardened concrete. Our air void estimation method was
founded on diffusive ultrasound theory, which represents concrete
as a three-component system. This method primarily employs
ultrasound attenuation as a quantitative metric, facilitating a
direct regression to air void characteristics. Empirical data
revealed a strong correlation between air void content and
ultrasound attenuation, indicating the method’s accuracy and
reliability in concrete analysis.

Findings

In this research, we investigated multiple methods commonly
used in biomedical engineering and geotechnical fields for
estimating the air void system in concrete. The diffusive
ultrasound method stood out for its practical applicability and
robust physical foundation.

Our approach models concrete as a three-component system—
cement paste, aggregates, and air voids—each contributing
distinctly to the ultrasound signal’s total attenuation. This model
facilitates precise analysis of how ultrasound waves are attenuated
differently by each concrete component. To isolate the impact of
air voids on ultrasound attenuation, we systematically varied
material components in a controlled experimental setup, excluding
air voids, thereby establishing a direct correlation between air void
content and ultrasound attenuation.

Additionally, we quantified ultrasound attenuation in pure
cement paste samples and benchmarked these measurements
against those from concrete samples. This comparison elucidated
the relative contribution of cement paste to overall absorption
attenuation. The key findings and outcomes of this project,
pivotal in advancing air void system estimation, are detailed in the
subsequent sections.

1. Theoretical model of ultrasound attenuation caused by concrete
material.

We investigated several models that describe mechanical
wave properties in porous elastic materials, such as petroleum
basins, and solid materials with cavities, like bone trabeculae.
Biot’s theory emerged as a significant reference, delineating
the propagation of both fast and slow waves through such

materials. The theory’s differentiation between these wave
types provides a nuanced understanding of how sound waves
interact with complex structures.

We also examined the dual-frequency method, which
involves the interplay of a pump wave and a probe wave.
This method was particularly useful in distinguishing between
different types of wave interactions within a medium and
offering insights into the material’s structural composition
and characteristics.

Ultimately, our decision to utilize diffusive ultrasound for
quantifying air void distribution in concrete was driven by its
effectiveness in capturing the intricate details of wave
propagation through heterogeneous materials. This approach
leveraged the scattering and absorption of ultrasound waves
within the concrete to accurately map the distribution and size
of air voids. By focusing on the attenuation characteristics of
ultrasound waves as they pass through concrete, the diffusive
ultrasound model provides a reliable and precise method for
assessing the internal structure of concrete, particularly air
void content and distribution.

Custom pulser-receiver set-up and precautions.

Our study led to the development of an advanced pulser-
receiver system that was capable of finely tuning operation
frequency and voltage and was supplemented by controlled
timing and the capacity for repetitive measurements.
Empirical data suggests that averaging over at least 20
repeated tests substantially improves the signal-to-noise ratio
(SNR), thus enhancing the precision in calculating the
attenuation coefficient. This testing apparatus also supports
the use of varied wavelengths. However, caution is necessary
when selecting the operational wavelength to ensure clear
discrimination between the first and second reflected waves
and avoiding aliasing effects. It is important to acknowledge
that our testing protocol involved surface polishing of the
sample and the application of coupling gel, a significant
limitation for the practical application of this technology and
similar acoustic-based non-destructive evaluation (NDE)
methods. To overcome this challenge, our research is now
focused on developing dry point contact transducers, which
could eliminate the need for these preparatory steps and
streamline the overall testing process.

High correlation of ultrasound attenuation coefficient to air
void parameters.

To establish the relationship between the ultrasound
attenuation coefficient and air void parameters, we conducted
tests in accordance with ASTM C457, Standard Test Method

for Microscopical Determination of Parameters of the Air-Void

System in Hardened Concrete (ASTM, 2010). We implemen-
ted both Procedure B (point-counting microscope method)
and Procedure C (chord length scanning microscope method).
Target metrics included the volumetric ratio and spacing
factor of air voids. We employed polynomial regression to
assess the correlation between the ultrasound attenuation
coefficient and these target metrics. The results yielded a high
R2 value of 0.924 for the volumetric ratio and 0.982 for the
spacing factor. These findings reveal a direct relationship: the
volumetric ratio of air voids positively correlates with the
ultrasound attenuation coefficient, while the spacing factor
shows a negative correlation. In simpler terms, a higher
concentration of air voids leads to increased acoustic
attenuation, whereas a sparser distribution of air voids results
in lower acoustic attenuation. These trends are consistent with
theoretical expectations, thus validating the robustness of our
methodology.
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1. INTRODUCTION
1.1 Research Background

This research project, focusing on the development
of an Al-assisted in-situ non-destructive testing (NDT)
method for air-void distribution in concrete, is positioned
at the intersection of cutting-edge technology and
practical engineering needs. It addresses the critical
challenge of accurately assessing air void distribution in
hardened concrete, crucial for ensuring concrete quality
and durability, especially in harsh environments like
Indiana’s multiple freeze-thaw cycles (shown in Figure
1.1) and winter conditions. Leveraging the expertise in
ultrasound sensing, materials science, and Al-driven
signal processing, the project aims to introduce a novel,
nondestructive method for air void testing by investigat-
ing the acoustic scattering nature of poroelastic materi-
als, such as concrete, with Al-assisted signal processing
techniques. This approach will enable the accurate
determination of air-voids size and spatial distribution
in lieu of tedious lab procedure shown in Figure 1.2, and
assist in predicting the locations of pavement failure due
to environmental and physical stressors. The research is
built on a foundation of established scientific principles
and utilizes advanced methodologies like diffusive
ultrasound and customized pulser-receiver setups for
empirical investigations. This comprehensive approach
combines theoretical modeling, numerical simulation,
and experimental validation to develop a robust, field-
applicable NDT method for air void analysis in concrete.

1.2 Objectives

In this research project, we are dedicated to
advancing the understanding and assessment of air
void systems in concrete. The following objectives are
instrumental in achieving this goal, encompassing both
theoretical development and practical application.

1. Air Void Distribution Analysis: Focusing on developing a
sophisticated method for analyzing air void size distribu-

tion in hardened concrete, utilizing state-of-the-art ultra-
sonic technology and Al-driven data interpretation.

2. Innovative Theoretical and Practical Development: Aimed
at bridging theoretical models with real-world applica-
tions in concrete assessment, leading to novel solutions
and methodologies in material science.

3. Imaging for Engineering Application: Developing an Al-
based program to effectively visualize and analyze air void
distribution, providing crucial insights for engineering
applications and concrete quality assessment.

1.3 Organization of the Report

This report consists of five chapters. This first
chapter introduces the background and objective of
this research. The second chapter reviews existing
testing methods for air voids in concrete. The third
chapter reports our experiment work for the validation
of the proposed air void testing method. The fourth
chapter presents the testing results. The final chapter
summarizes the current works and concludes this
report.

Figure 1.2 ASTM C457 testing instruments.

(a) 0 cycles of freeze-thaw

(b) 200 cycles of freeze-thaw

(c) 400 cycles of freeze-thaw

Figure 1.1 Freeze-thaw effect on concrete sample (Shang & Yi, 2013).

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/12 1



2. LITERATURE REVIEW
2.1 Air Void System of Concrete

2.1.1 Classification of Air Voids

In hardened cement paste, voids are categorized into
four types: gel pores, capillary pores, entrained air, and
entrapped air. Gel pores are the smallest, ranging from
0.5 to 2.5 nm, and do not significantly affect the strength
and permeability of cementitious materials, but they do
impact drying shrinkage and creep. Capillary pores,
slightly larger, can be up to 1 um in size and are not
filled by hydration product solids. The dimensional
range of air voids in hydrated cement is shown in Figure
2.1. Their size is largely determined by the initial spacing
between cement particles and hydration levels. Capillary
pores larger than 50 nm, termed macropores, affect
strength and permeability, while smaller ones, known as
micropores, function similarly to gel pores.

Entrained air voids, ranging from 50 to 1,000 um, are
introduced via air entrainments to enhance frost resis-
tance. In contrast, entrapped air voids are larger,
irregularly shaped, and less in number compared to
entrained air. Both entrained and entrapped air voids
influence concrete’s strength, particularly the larger pores.

2.2 Existing Air Void Characterization Methods

2.2.1 ASTM C 457 for the Air-Void System in Hardened
Concrete

ASTM (457 is a well-established method for analyzing
air-void systems in hardened concrete, crucial for
assessing concrete’s freeze-thaw durability. This method
involves microscopical examination to determine air void

(1T |

parameters like size, spacing, and distribution. It’s
recognized for its precision in evaluating the air-void
system, crucial for concrete’s resistance to environmental
damage. However, ASTM C457 is a time-consuming
process (as shown in Figure 2.2 and Figure 2.3) requiring
polished concrete samples and microscopic or automated
image analysis, limiting its use to post-construction diag-
nostics rather than real-time adjustments during con-
struction. The test results from ASTM C457 can exhibit a
variability of more than 25% (Saucier et al., 1996; Simon,
2005), reflecting the method’s sensitivity to sample prepa-
ration and analysis techniques. Despite these challenges,
ASTM C457 remains a widely accepted and critical
method for air-void system analysis in hardened concrete.

2.2.2 ASTM C 231 for the Air-Void System in Fresh
Concrete

ASTM (231 is a critical standard for assessing air
content in freshly mixed concrete, using the pressure
method, as shown in Figure 2.4. This method, grounded
in Boyle’s Law, involves pressurizing a concrete sample
within a calibrated chamber. The resultant volume change
quantifies the air content, a key indicator of concrete’s
durability, especially in freeze-thaw conditions. ASTM
C231 is indispensable in concrete mix design and quality
control, ensuring the structural integrity and longevity of
concrete structures in varying environmental conditions.

2.3 Air Voids Quantification Theories

2.3.1 Ultrasound Attenuation in Solid Material with
Inhomogeneous Spherical Inclusions

The ultrasonic scattering theory used to calculate
energy loss caused by scattered objects was established

LTI T T

Hexagonal crystals of Ex A airvedde |
Ca(OH)2 or Low Sulfate 1]
in cement paste L'- 1T} «
| |1 (
-H \.-...q. '“‘)-
Enirained air hubles
interpartical
spacing . 1 ,— R #
_between ¢ ‘n—i-m { '
C-5-H sheets 2
z 2 Max. spacing of
> Capillary void s entrianed air for
/e 4’<|_]>4> durability io frost
— = action
aagegsionor | |IIlIl |11l | |
LI
Lt |
| nm 10 nm 100 nm 1000 nm 1E4 nm IES nm 1E6 nm 1E7 nm

Figure 2.1 Dimensional ranges of voids in hydrated cement paste (Mehta & Monteiro, 2014).
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Figure 2.3 ASTM C457 Method C instrument (RapidAir).

by Ying and Truell (1956). The theory is based on the
equation of motion in homogeneous solid materials
when the wave function is only related to space
variables. It provides a theoretical model to calculate
the influence on the wave attenuation for obstacles like
air voids and aggregates. The shape of air voids in the
hardened concrete has minimal influences on its
strength properties. In this research, both small air
voids and large air voids are considered to be a
distribution of spherical voids with different sizes. The
theoretical attenuation can be expressed by combining
the effects of the viscous matrix and scattering due to
aggregates and air voids.

1 ml 1 m2
«f) == P+ 5 > v+ 3 > iy ()

i=1 i=1

where off) is the total attenuation coefficient in
Nepper per meter (Np/m) of the ultrasonic wave
absorbed by the hardened concrete; ¢ is the combined
volume fraction of the air voids and aggregate (%);
a,(f) is the attenuation coefficient of the viscoelastic
cement paste (Nepper/m); n;; and n;, are the numbers
of a certain size aggregate and air void per vol-
ume, respectively; y7(f) and y;5'(f) represent the

Figure 2.4 ASTM C231 instrument.

corresponding scattering cross sections of the aggregate
and air voids, respectively.

The scattering cross section is defined as the
equivalent area of a scatterer and is larger than the
physical area of the scatterer—it is the ratio of the
scattered power divided by the intensity of the incident
wave. This calculation is a classical problem of wave
scattering (associated with the scalar Helmholtz equa-
tion) and has been addressed by several researchers.
The calculation for aggregates and air voids were given
below (Ying & Truell, 1956).

The calculation of the scattering cross sections y;5(f)
follows the theoretical derivation of Ying and Truell
(1956).

4
_ 4 6
Velastic sphere — ? gekl a

2

2
3% 1 3 2
ge=|—35—"3>——1 +§<1+2<%) >(%&—)
<31%74>&+4 1 1 1y
k2 1
2
5 B
K1 J23!
+40<2+3(k—) ) 5 5
1 K1 1253 (Kl)
2(3( ) 4222 49(2L) —4
< <k1> ):ul ki

where x; and k; are the wave number of S wave and
P wave of the cement paste, respectively; k, and k, are
the wave number of S wave and P wave of the
aggregates, respectively; u; and p, are the Poisson’s
ratio of the cement paste and aggregate, respectively.

The calculation of the scattering cross sections y;5'(f)
follows the theoretical derivation of Ying and Truell
(1956).
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2.3.2 Ultrasound Attenuation in Solid Material with

an Homogeneous Spherical Inclusions

Vsphere cavity = ? gck‘l‘a6
In the work of Punurai et al. (2006, 2007) a

k3 simplified scenario is studied where all air voids in
4 2—0—3(k—) 3 e\ 2 cement paste are of identical size and there are no
ge= = _|_4()—12 I (_1) aggregates in the mixture, see Figure 2.5. Then the air
3 N\ 2 2 \k voids system can be defined simply using two metrics,
3<k_1) i.e., the volumetric ratio ¢, and the diameter of air
voids a.
2 /ki\ 9 /rk\? The problem to solve the combination of (¢, a)
+ 3 (E) 16 (;?1) from the experimentally measured attenuation curve
entrained air voids O
Oo//\o © 0 *

Incident wave
<
O
O

O

O

O

O

— oooo ;
O O

cement paste matrix

Figure 2.5 Simplified acoustic wave scattering model (Punurai et al., 2006).
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Figure 2.6 Optimization algorithm for (¢, a) determination (Punurai et al., 2006)
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a(f) is an inverse problem that can be addressed using
optimization algorithms, such as Simplex method.

The objective function of the optimization task is the
difference between the calculated theoretical attenua-
tion curve and the actual experimental attenuation
curve. A pair of (¢g, ag) is initiated at the beginning of
the algorithm, then the (¢;, a;) is updated iteratively
with the aim of making the loss function reach a
convergence.

The authors reported promising prediction results
compared to ASTM C457 results. The ultrasound
predicted air content is consistently lower than that of
ASTM results. The authors believe the ultrasound
method is more representative of the actual entrained
air content in the specimens because the method is more
sensitive to smaller air voids.

To apply the aforementioned ultrasound techniques
to this research, we start with a more simplified
scenario where the distribution of aggregates is known
and controlled the same across the experiments, the
total volumetric ratio ¢ is then correlated with the
attenuation curve o(f).

3. EXPERIMENTAL STUDY

This chapter reports the experimental work of
studying the correlation of ultrasound metrics and air
void system parameters. We use the results of ASTM C
457 as the reference target.

3.1 Mixture Design

Mixture designs with constant cement content and
varying Air Entrainment Agent (AEA) dosage were
used for this research. The 0.535 water-to-cement ratio
(w/c) mixtures were chosen, following the existing study
in literature (Guo, 2016), and they bracket the range of
typical w/c with decent workability. To investigate the
effect of air content, a series of AEA dosages was
investigated. A higher dosage of AEA, 3.0 ml/cem.kg,
was used in the mixtures, which will be targeted for 7%
total air content. A medium dosage of 1.0 ml/cem.kg
was used which will be targeted for 5% total air
content. A dosage of zero AEA was used as the
reference group, with which the air content is expected
to be around 3%. Different dosages were used to
simulate the different ranges of typical AEA dosages
used in the field. All of these dosages were within the
manufacturer (Sika) recommended limits. Ingredients
other than the AEA dosage were controlled the same so
the contribution of the single variable can be studied.
Table 3.1 shows the mixture design proportions.

3.2 Concrete Mixture Procedure

In this research, aggregates were initially accessed
from outdoor storage and heated in a drying oven
at 215°F for a minimum of 12 hours prior to mixing.
They were then placed in a mixer, rotated to ensure
homogeneity, and a representative sample was

extracted for moisture content adjustment, as shown
in Figure 3.1. During mixing, all aggregates were
combined with about two-thirds of the mixing water
in the mixer, agitated for three minutes to promote a
saturated surface dry (SSD) state and uniform distribu-
tion. Subsequently, Air-Entraining Agent (AEA), if
used, was blended into the remaining water for one
minute, then introduced into the mixer. Following the
AEA’s addition, the concrete mixture was further
mixed for three minutes, ensuring thorough incorpora-
tion of the admixture.

The casting of fresh concrete was conducted in 4 by
8-inch cylindrical molds, adhering to ASTM C31
guidelines. Each cylinder was filled in two layers, with
each layer compacted 25 times using a rod for uniform
consolidation. Alongside the concrete cylinders, com-
panion cement paste slabs, measuring 4 by 8 by 1 inch
and using identical mixture proportions, were prepared
for each mixture design. These slabs were specifically
crafted to measure the “background” ultrasound
attenuation in concrete, attributable to the absorption
effect of the cement paste, providing a control for the
air void analysis.

The air void system of each concrete mixture was
analyzed at 1 day, 3 days, and 7 days. For each age,
two cylindrical concrete samples were prepared.
Additionally, a single cement paste slab was used for
each mixture design across all ages, as it did not require
saw cutting. Consequently, a total of six cylinders and
one cement slab were cast for each mixture design. Both
the concrete cylinder samples and the cement slab
samples underwent a curing process in a controlled
environment, maintained at a steady temperature of
73°F.

3.3 Sampling of Hardened Concrete

At each designated age (1 day, 3 days, and 7 days),
two concrete cylinder samples were sectioned to form
slabs. One slab per sample was allocated for ASTM
C457 testing, and the other for ultrasound testing. The
hardened air void samples were sliced into 1-inch-thick
sections using a self-propelled concrete saw equipped
with an 18-inch diameter continuous rim blade. After
the cutting, the concrete samples were thoroughly
cleaned with water and subsequently dried in an oven
at 140°F (60°C) for 1 hour. A concrete lapper was
utilized to prepare the samples according to ASTM C
457 specifications, ensuring they were suitably condi-
tioned for accurate testing.

Once lapping was completed, each sample was
examined under a stereomicroscope to verify uniform
lapping of aggregates and paste to the same elevation,
ensuring a high-quality surface finish. For ASTM C457
analysis, the concrete slab’s surface was marked
uniformly with black permanent marker and allowed
to dry for 3 hours. A thin layer of barium sulfate,
a white powder, was then applied twice to the colored
surface using a rubber stopper to embed the powder
into the wvoids, as prescribed in ASTM C457.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/12 5



TABLE 3.1
Mixture Design

Coarse AEA Dosage
Cement Aggregates Fine Aggregates Water (ml/kg of Sika Air 260 Target Air
Mixture (kg/m®) (kgin®) (kgn®) (kgn) wic cement) AEA (ml/m®) Percentage (%)
1 334.6 1,110.7 740.4 179.01 0.535 0 0 3
2 1 334.6 5
3 3 1,003.8 7

Figure 3.1 Aggregates preparation.

This process resulted in a contrast between the black
surface and the white-stained voids. The focus being on
paste voids, aggregate voids were individually marked
with a fine ink pen under the microscope. A final
inspection confirmed the distinction between white
voids in the paste and the uniformly black other areas.
Polished and finished sample images are presented in
Figure 3.2. This technique, detailed in literature
(Jakobsen et al., 2006; Jana, 2007; Song et al., 2017)
ensures the precise void analysis.

3.4 Air Void Testing of Hardened Concrete Following
ASTM C457

After selectively marking the voids in the paste, the
contrast thus created was utilized to assess the air void
parameters in the concrete mixture. The team employed
the Rapid Air 457 from Concrete Experts, Inc., a device
that conducts automated linear traverse analysis. This
is achieved through a CCD camera that captures
images of the sample’s surface and an automated stage
for precise positioning. Image analysis software then
differentiates the voids (white) from the rest of the
sample (dark), as shown in Figure 3.3. For all samples,
a consistent threshold value of 128 was used, a level
proven effective given the materials and methods of
sample preparation. The paste volume of the hardened

concrete was calculated with the procedure mentioned
in the ASTM C457 Method B. In the hardened air void
analysis within this document, chords smaller than
30 pm were excluded as their detection is challenging in
manual ASTM C 457 analyses. Omitting these chords
aligns the air void parameters from this study more
closely with conventional ASTM C 457 results. This
approach of exclusion for improved comparability has
been previously adopted in previous studies (Jakobsen
et al., 2006; Ley, 2007; Peterson et al., 2009).

3.5 Ultrasound Testing Procedure

Commercial contact transducer pairs (0.5 MHz
nominal frequencies, Panametrics Inc.) are used along
with a custom pulser—receiver to transmit longitudinal
(or transverse) ultrasonic waves into each of these
specimens. The electrical signal is first amplified with a
maximum of +150 V with a power amplifier. The
transmitting transducer (T) then converts the electrical
signal to a pressure wave. The pressure wave propa-
gates through a specimen and is received by another
transducer (R) and converted into the electrical signal.
The signal is acquired with a sampling rate of 2 mega
samples per second, and with 32-bit resolution with a
digital oscilloscope. The signal-to-noise ratio (SNR)
is increased by averaging over a number of signals

6 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/12
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Figure 3.3 Painted concrete sample for image analysis of air
voids.

(i.e., 20). The testing set-up and the front panel of the
data collection program designed using LabVIEW are
shown in Figure 3.4 and Figure 3.5, respectively.

The spectrum of each received signal is calculated
using a fast Fourier transform (FFT) procedure.
Spectral ratio analysis is used to measure the attenua-
tion coefficient; this technique compares the amplitude
and phase spectra of two signals recorded on the
same specimen which have traveled along two different
paths. The process of spectral ratio analysis is detailed
below.

As shown in Figure 3.6, the first signal, s;(f),
propagates through one thickness of the specimen
(direct longitudinal or transverse wave), while the
second signal, s,(f), propagates through three thick-
nesses of the same specimen after reflections on both

Figure 3.4 Ultrasound testing setup.

specimen sides. With a pair of finite circular trans-
ducers, the amplitude spectra of the two signals are:

()
s2(f)

where o(f) is the attenuation coefficient, d is the
thickness of the sample, s;(f) is the frequency spectrum
of the first signal, and s, (f) is the frequency spectrum of
the second signal.

Prior to examining ultrasonic attenuation in concrete
specimens, the system’s accuracy was verified using a
polymethylmethacrylate (PMMA) sample. The sample,
situated between the “pulser” and “receiver” transdu-
cers, utilized a couplant to minimize coupling effects.
The first and second transmission waves were captured
and transformed into frequency spectra via Four-
ier transformation for attenuation assessment. The
attenuation coefficient curve was computed, and the
results are displayed in Figure 3.7. Additionally,
transmission speed was deduced from the first trans-
mission signal’s arrival time and sample thickness.
These results closely align with reference values in (Guo
et al., 2017), as illustrated in Figure 3.8, validating the
system’s precision in attenuation measurement.

1
a(f)= ﬁlog
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Figure 3.8 Comparison of the attenuation coefficient curve
measured by the researchers vs. literature results for PMMA
material (Guo et al., 2017).

4. RESULTS

The traditional ASTM C457 results and ultrasound
testing results are presented in this section. The
difference between Procedure B (manual modified
point count) and Procedure C (automated contrast
enhanced method) results are also presented in this
section.

4.1 ASTM C457 Results

We first present the relationship between the spacing
factor and air content of hardened concrete samples in
Figure 4.1. The metrics of air voids were measured
following ASTM C457 Method C unless otherwise
clarified in the following parts of this report. The air
content of our samples ranges from 1.83% to 7.15%
and the spacing factor ranges from 0.19 mm to 0.31 mm.
The spacing factor decreases when the total air content
increases, following a power trend y = 0.3566x 2%
with R? = 0.607. A similar statistical relation was also
reported in literature (Zhang et al., 2020), as shown in
Figure 4.2, therefore, our testing procedure and results
of the air content and spacing factor are reliable.

Furthermore, we studied the variance of the mea-
surement results caused by different procedures of
ASTM C457, including the Method B, Modified Point
Count Method, and Method C, Image Processing
Method. The results of both methods are presented in
Figure 4.3. The air content measured by Method C
tends to be higher than that of Method B when the air
content is less than 5% and lower than Method B when
the air content is higher than 5%. In general, the two
methods align good with each other. The discrepancy is
mostly less than 0.5%. We also observed the variance of
air content results caused by instruments in literature
(Jana, 2007).

As shown in Figure 4.4, various image processing
methods were compared with the modified point
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are correlated with the metrics of air voids of concrete.
As shown in Figure 4.5, the volumetric ratio of air
content exhibits a strong correlation (R* = 0.924) with
the power function of attenuation coefficient.

On the other hand, as shown in Figure 4.6, the
spacing factor of air voids has a linear correlation
(R> = 0.982) with the attenuation coefficient of
ultrasound if two outlier points are excluded. In
addition to analyzing the total attenuation caused by
concrete, we measured the attenuation caused by the
cement paste to quantify the contribution of the
scattering effect versus absorption effect. As shown in
Figure 4.7, the attenuation coefficient caused by cement

0.40 Concrete Sample Results: Spacing Factor

0.35 1

0.30

o

N

(3]
1
n

0.20 = .
RZ = 0.442

Spacing Factor (mm)

0.15 4
R? = 0.982

0.10 T T T T T T T
25 30 35 40 45 50 55

Attenuation Coefficient (Np/m)

Figure 4.6 Correlation between the air void spacing factor
measured by ASTM C457 Method C and the ultrasound
attenuation coefficient.

Concrete Sample Results: Air content
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Figure 4.7 Attenuation contributed by the cement paste.

paste is 24.67 Np/m, which is below the lower bound of
all concrete samples. Whereas the total attenuation
coefficient of concrete ranges from 25 Np/m to 55 Np/
m, revealing that the energy scattering by aggregates
and air voids holds the primary part of the total
attenuation of ultrasound signal.

5. CONCLUSIONS

Our study in this project has yielded significant
insights into the relationship between ultrasound
attenuation coefficients and the air void characteristics
of concrete. A notable finding is the effectiveness of
the ultrasound attenuation coefficient as a metric to
correlate with concrete air void metrics. This was
evidenced by its R* value of 0.924 with the volumetric
air content and an R* of 0.982 with the spacing factor,
indicating a reliable degree of correlation.

In our exploration of ASTM C457 Methods B and
C, we observed that the relationship between ultra-
sound attenuation and concrete air void characteristics
appears to be instrument-dependent, suggesting a lack
of determinism in this relationship.

Furthermore, our analysis revealed that the attenua-
tion caused by concrete is predominantly due to air
voids and aggregates. The contribution of cement to
this attenuation is comparatively minor. This highlights
the substantial influence of air voids and aggregates on
the ultrasound attenuation properties of concrete, a
factor that must be taken into account in both practical
applications and future research.

In conclusion, the findings from this project provide
valuable contributions to the understanding of ultra-
sound attenuation in concrete. They emphasize the
importance of considering instrument variability in
concrete assessment and offer a new perspective on the
contributions of different concrete components to
ultrasound attenuation. These insights have potential
implications for improving non-destructive testing
methods and enhancing the overall understanding of
concrete properties.
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