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Abstract

Compaction of concrete plays a crucial role in ensuring the strength and durability of concrete
structures. Proper compaction is essential for expelling entrapped air and achieving target density.
Under-compaction leaves excessive entrapped air, reducing strength and durability. Conversely,
over-compaction leads to uneven density distribution due to segregation, also impacting strength
and durability. The quality of compaction is thus dependent on balancing the reduction of
entrapped pores with minimal segregation.

This thesis investigates methods to assess the quality of concrete compaction by examining both
segregation and entrapped pores. The research encompasses four key areas: monitoring
segregation during compaction, evaluating segregation in hardened concrete, analyzing the
emergence of surface bubbles during compaction, and characterizing entrapped pores in hardened
concrete.

To monitor segregation during compaction, an AC impedance spectroscopy (ACIS) measurement
system was developed. It showed a strong correlation with aggregate distribution, demonstrating
its effectiveness in real-time segregation detection. For evaluating segregation in hardened
concrete, three indices were proposed based on density measurements and aggregate distribution
analysis. These indices provide a comprehensive assessment of segregation levels, offering a
practical tool for segregation assessment.

The long-standing practice of relying on the rise of bubbles to the surface as an indicator for
optimal compaction time was critically examined. Video analysis of surface bubbles during
compaction revealed that bubble emergence continues even after segregation occurs, challenging
the reliability of this traditional method. This finding emphasizes the need for more objective
compaction quality assessment techniques.

X-ray computed tomography (XCT) was employed to analyze entrapped pores in hardened
concrete. The study investigated the effects of concrete workability and compaction time on pore
characteristics. Results showed that increasing concrete workability reduces entrapped porosity
but increases segregation sensitivity during extended vibration. Concentrated regions of entrapped
pores were observed within specimens, highlighting the complex relationship between compaction
parameters and pore distribution.

This thesis concludes that improving compaction quality control requires considering two key
factors: segregation extent and entrapped air content. Traditional indicators like surface bubble
emergence proved ineffective, showing the importance of advanced monitoring techniques such
as ACIS. The proposed segregation indices and XCT analysis methods provide valuable tools for
evaluating and improving the quality of compaction. The findings enable future research to develop
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Introduction

1. Introduction

1.1 Background

Compaction plays a pivotal role in ensuring the strength and durability [1—10] of normally vi-
brated concrete (NVC). Under-compacted NVC can have unwanted entrapped pores [11,12],
which decrease its strength and negatively impact its durability [5,12,13]. On the other hand,
over-compaction puts NVC at a risk of segregation [14—16], which results in density variations
within the structure and compromises its durability [3,11,15,17,18]. Hence, NVC should be op-
timally compacted by expelling unwanted entrapped air, while minimizing segregation [19].

Concrete can be manually compacted by tamping or rodding, and mechanically compacted
by using either internal or external vibrators [20]. Mechanical compaction is the most widely
used approach, which was introduced during the 1930s with vibrators of limited frequencies
and amplitudes [21]. However, in recent decades, more efficient vibrators have been developed
with significantly increased frequencies and amplitudes. Additionally, the development of new
superplasticizers has enhanced the workability of concrete, enabling widespread pumped con-
crete use, but increasing segregation risk [22]. Moreover, to address environmental concerns,
supplementary cementitious materials (SCMs) have been introduced to partially replace ce-
ment in concrete, reducing its carbon footprint. These SCMs also influence the workability of
concrete [23,24], thereby affecting its behaviour during the compaction process.

Despite the advancements in NVC, the compaction process is still largely monitored subjec-
tively by onsite personnel, much like it was in the past [1,3,4]. This subjective monitoring fol-
lows the guidelines [11,17,25,26] that advise to stop compaction when bubbles no longer rise
to the concrete surface, as it is assumed to minimise entrapped pores without causing segrega-
tion. However, the effectiveness and reliability of these guidelines remain unverified, which
highlights the need for comprehensive research to evaluate the quality of concrete compaction.

1.2 Objectives and scope

Responding to this need, the aim of this study is to assess the quality of concrete compaction
by examining both the segregation and the entrapped pores in NVC and understanding the
relationship between the two factors. These factors are studied in both the fresh and hardened
states of NVC, with the research covering two mechanical vibrating methods: the table vibrator
and the poker vibrator.

For segregation in the fresh state, the main objective is to investigate an online measurement
method that can detect segregation during compaction, enabling a timely decision to stop
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Introduction

compaction before severe segregation occurs (Publication I). In the hardened state, the pri-
mary aim is to develop various indices to quantify segregation from hardened concrete, ad-
dressing the lack of standardized methods for evaluating segregation levels in structures (Pub-
lication II).

Regarding entrapped pores in fresh concrete, the objective is to detect entrapped bubbles on
the surface during compaction, testing the claim that optimal compaction is achieved when
such bubbles cease to emerge (Publication III). For hardened concrete, the aim is to analyse
the characteristics of entrapped pores within hardened concrete cores for different compaction
times and concrete consistencies, to better understand the properties of entrapped bubbles in
those concretes (Publication IV).

The scope of this thesis is limited to analysing compaction of NVC. Although some findings
can be applicable to self-compacting concrete (SCC) or lightweight aggregate concrete (LWAC),
they were not investigated in this research. Additionally, the tested concretes were mixed with
two types of cement: the most used cement in Finland, CEM II/B, and sulphate-resistant CEM
I, with the latter being used exclusively in Publication I. All concretes were air-entrained
with varying levels of air entrainment, as detailed in each publication; therefore, non-air-en-
trained concretes were not analysed. Finally, all tests were conducted on a laboratory scale
using specimens of varying sizes. It should be noted that throughout the thesis, all references
to 'concrete’ specifically denote NVC unless otherwise stated.

1.3 Research questions

This thesis aims to address the following five research questions (RQ) to better understand and
evaluate the quality of NVC compaction.

RQ1: How to monitor concrete segregation during compaction?

RQ2: How to evaluate segregation in concrete?

RQ3: Can concrete compaction quality be assessed by observing the emergence of bubbles?
RQ4: How do compaction time and concrete workability affect the characteristics of entrapped
pores in hardened concrete?

RQ5: How to improve compaction quality control?

1.4 Structure of the thesis

The thesis is structured around four research articles that examine the impact of the quality of
compaction on segregation and entrapped pores, as depicted in Figure 1. It is important to note
that these publications are included as appendices at the end of the thesis. Consequently, this
document serves as a compilation of these articles and does not contain all detailed infor-
mation.

Chapter 1 presents an introduction to the thesis, which includes the background, objectives,
scope, research questions, and the structure of the thesis. Chapter 2 focuses on the compaction
process itself, discussing its mechanisms and methods, followed by an outline of the impact of
compaction on both entrapped pores and segregation. Chapter 3 begins with an overview of
previous research on the analysis of segregation in concrete. It then introduces our approach
to detecting segregation in fresh concrete using AC impedance spectroscopy (ACIS), which is
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followed by our developed indices for assessing segregation in hardened concrete based on
density measurements and digital image analysis (DIA). Chapter 4 discusses the analysis of
entrapped pores in concrete, starting with an overview of previous methods used for such anal-
yses. It continues with our approach to analysing emerging surface bubbles during compaction
and details our research on the different characteristics of entrapped pores in hardened con-
cretes with varying consistencies and compaction times.

[ 1. Introduction ]

[ 2. Compaction of concrete ]

Key influences on compaction quality

A 4

Segregation Entrapped pores

[ 3. Analysing segregation ] [ 4. Analysing entrapped pores ]
I I

-
Of fresh AC impedance spectroscopy Digital image analysis
concrete (Publication I) (Publication III)
g J
] 4 )
Of hardened Der‘lsﬁy n}e:isurements~ & X-ray computed tomography
Digital image analysis L
concrete .. (Publication V)
(Publication II)
- J
[ 5. Conclusions ]

Figure 1. A graphical overview of the thesis structure and research approach
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Compaction of concrete

2. Compaction of concrete

2.1 Mechanism and methods of compaction

The containment of aggregates and air within concrete is dependent on its rheological proper-
ties [19]. Fresh concrete is assumed to follow the Bingham rheological model [27] in its static
state, as shown in Equation (1):

T=Ty+ Ny 1)

where 7 is the shear stress [Pa], 7, is the yield stress [Pa], 7 is the plastic viscosity [Pa « s], and
y is the shear rate [1/s]. However, researchers concluded that during compaction concrete be-
haves differently, undergoing liquefaction, a process where its yield stress 7, is significantly
reduced. This reduction lowers the shear stress t required to initiate flow. The relationship
between the shear stress and the shear strain rate becomes non-linear deviating from the static
Bingham model [28,29]. As a result, the concrete can more effectively fill moulds and enhance
the bond between the concrete and reinforcement, while also packing the aggregates together
and expelling unwanted entrapped air, thereby helping it achieve its target density and en-
hancing durability [17,25].

Despite these changes, yield stress and plastic viscosity remain key to concrete's dynamic
behaviour during compaction. Yield stress, the minimum stress required to maintain concrete
in its solid state, influences the resistance of concrete to flowing under vibration [30]. Whereas
plastic viscosity determines the fluidity of concrete once the yield stress has been surpassed
[18]. Additionally, concretes with higher plastic viscosity tend to form finer and more uni-
formly distributed pores, as opposed to larger, irregular ones [31].

The liquefaction process in concrete can be achieved through mechanical compaction, which
involves three different approaches: internal vibration, external vibration, or surface vibration.
[19]. Internal vibrators, such as poker vibrators, are inserted directly into the concrete, and
send vibration waves from within. In contrast, external vibrators, such as vibrating tables, in-
directly transmit these waves through the moulds into the concrete. Surface vibrators, placed
on top of the concrete, primarily affect the surface layers by transmitting vibrations downward.

The vibration energy [32] emitted by each vibrator can be estimated from Equation (2):

W=ciomes?efiet (2

where W is the vibration energy input [J], ¢, is a concrete-dependent stiffness and damping
constant, m is the mass of the vibrating element, s is the vibration amplitude [mm], f is the
vibration frequency [Hz], and ¢t is the vibration time [s]. As shown in Equation (2), the ampli-
tude and frequency are set properties of each vibrator, playing the most critical roles in
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determining the generated vibration energy. The vibration time, however, is adjustable and
depends on how long the vibrator is actively used. Careful management of these parameters is
essential when selecting a vibrator for a specific application to ensure proper compaction while
preventing concrete segregation or excessive entrapped air [33].

2.2 Entrapped pores and concrete compaction

Concrete is inherently porous, and its pores can be classified into four size-based categories:
gel pores, capillary pores, entrained pores, and entrapped pore [34]. The smallest, gel pores,
occupy interparticle spaces between calcium silicate hydrates and range from 0.5 to 2.5 nm.
Larger, capillary pores span from 0.01 um to 5 pum. To enhance resistance to freeze-thaw cycles,
entrained pores are intentionally introduced through air-entraining admixtures and measure
between 50 pm and 1 mm [5,6,9]. The largest, entrapped pores, form during mixing and place-
ment, accounting for 5% to 20% of the fresh concrete's volume [11]. The size threshold for clas-
sifying entrapped pores can vary; ASTM C457 [35] does not set a precise limit due to the over-
lapping characteristics with entrained air pores, while the Finnish standard for concrete qual-
ity control [36] specifically defines it as 0.8 mm.

Entrapped pores are not deliberately introduced into the concrete, and they can cause dura-
bility complications, poor bonding between concrete and reinforcement, decreased density,
and most importantly lowered strengths [5,11—13,34]. Research indicates that a one percentage
point increase in entrapped pores can decrease concrete strength by five to nine percentage
points [5,12]. Furthermore, for an increase in vibration time from zero to ten seconds, re-
searchers [13] found that strength increased by 10.5%. Therefore, it is crucial to expel these
pores by properly compacting the concrete.

Eliminating all entrapped pores in concrete is impractical [11]. Popovics [37] and Neville [12]
report that even with proper compaction, approximately 1% of entrapped air remains. Mehta
and Monteiro [34] suggest that this entrapped air can range between 0.2% and 3% depending
on the maximum aggregate size. On the other hand, the European standard EN206:2014 [38]
and the ACI report 309R-05 [11] do not specify a threshold for the allowable amount of re-
maining entrapped air, although they emphasize the importance of compaction until en-
trapped pores are minimized.

Kisaku et al. [39] identified two bubble reduction mechanisms during the compaction pro-
cess: bubbles expulsion via upward movement, and bubbles splitting. For the upward move-
ment, due to liquefaction, concrete becomes sufficiently fluid for the entrapped air bubbles to
move. These bubbles, lighter than the concrete mixture, naturally rise to the surface and are
expelled into the air. For the bubble splitting mechanism, the differential inertial forces be-
tween the denser mortar matrix and the lighter air bubbles cause the bubbles to undergo stress
during vibration. This stress results in the larger bubbles splitting into smaller ones.

2.3 Segregation and concrete compaction

Segregation refers to the separation of the constituents of a heterogeneous mixture, resulting
in a non-uniform distribution. In concrete, segregation primarily arises from differences in
particle size and the specific gravity of the mix constituents [12]. In a static state, each aggre-
gate is subjected to gravity, which pulls it downward. This downward force is balanced by a
combination of buoyancy forces and support forces provided by the network skeleton structure

15



Compaction of concrete

of the binder and aggregates, thus keeping the aggregates in place [40]. However, during con-
crete compaction, liquefaction occurs, causing the support force to diminish. As a result, ag-
gregates start to settle due to the differential force between the upward forces of decreased
support force, buoyancy, and viscous resistance, and the downward force of gravity [40].

Segregation can occur when concrete is vibrated for an excessively long duration or when
vibrators with higher frequencies or amplitudes than necessary are used for compaction [12].
The tendency for segregation is also significantly influenced by the concrete mix composi-
tion[15], with less workable mixes exhibiting lower segregation sensitivity as they make it more
difficult for heavier aggregates to settle [41].

The main drawbacks of segregation are the introduction of uneven density distributions and
potential durability issues [3,11,15,17,18]. Researchers have found that compressive strength
differences of up to 12% can occur between the top and bottom parts of a segregated concrete
specimen due to over-compaction [18]. They also observed a heightened chloride ion penetra-
tion difference of up to 72% between the top and bottom parts. Therefore, concrete should be
sufficiently compacted to expel as much entrapped air as possible while minimising segrega-
tion.

2.4 Monitoring compaction on site

Recently, researchers have focused on developing methods to objectively monitor the concrete
compaction process through various approaches. These include tracking vibration location and
duration [3,4,37], employing computer vision-based analysis [38—41], and analysing based on
vibration energy [42—44]. Tian and Bian [42] devised a method to track the vibration location
and duration using a GPS with real-time kinematics. Gong et al. [3] used ultrawideband tags
for motion tracking and recorded vibration duration from real-time logs. Tian et al. [4] devel-
oped a system using a global navigation satellite system for location tracking and motor voltage
differences to measure vibration duration. These methods measure vibration against a set op-
timal value, which may not account for the variable behavior of concrete during compaction.

Wang et al. [43] introduced an IoT solution that captures and analyses concrete surface im-
ages via a fine-tuned ResNet-50 model, while Ren et al. [44] enhanced this process using semi-
supervised learning and data augmentation. These techniques classify compacted concrete into
'unqualified’, 'middle’, or 'qualified' grades based on surface appearance. Jiang et al. [45] and
Li et al. [46] improved the models and added an over-vibration indicator when compaction
exceeds 100%. For all these methods, the initial image labelling was based on expert opinions,
potentially introducing bias, and the classification largely relied on visible surface aggregates,
which may not accurately reflect compaction quality.

Li et al. [47] assessed vibration quality by analysing the energy distribution in fresh concrete.
Li et al. [48] refined this method by accounting for variables such as aggregate proportion and
rebar spacing, which affect the distribution and absorption of energy, thus improving vibration
quality assessment in reinforced concrete. Furthermore, Li et al. [49] introduced a feedback
control system that utilizes an SVR algorithm with body Euler angles to accurately map the
spatial relationship between a worker's head and the vibrator tip. This system enables real-
time data collection and operator guidance based on vibration energy transfer models. How-
ever, these methods set energy thresholds based on calculations for previously compacted con-
cretes, which may not account for the variability in concrete, even within the same batch.
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3. Analysing segregation of concrete

3.1 Overview

Researchers have developed methods for estimating the segregation of NVC in its fresh [50],
and hardened [15,51] states. In the fresh state, Safawi et al. [50] assessed segregation of NVC
by dividing the mix into five sections within a partitioned mould. They washed and weighed
coarse aggregates over 5 mm from each section, calculating their proportion of the total con-
crete weight and deriving a segregation index from the variance in these concentrations com-
pared to the overall average. However, this method does not allow the concrete to harden, as
it is washed while still fresh, preventing any further testing on the specimen.

For analysing the segregation of hardened NVC, both studies by Khayat and Guizani [51] and
Navarrete and Lopez [15] relied on counting aggregates larger than 5 mm from hardened con-
crete sections. Khayat and Guizani [51] subdivided these sections to calculate a segregation
index using a sum of squares method, indicating higher segregation with higher values. Con-
versely, Navarrete and Lopez [15] concentrated on the top and bottom subsections only, esti-
mating segregation with an index based on the absolute difference between these, normalized
by their total. However, the reliance on manual counting of aggregates makes these approaches
highly laborious.

Researchers have also studied segregation in both LWAC [52—54] and SCC [55—57]. Solak et
al. [53] and Barbosa et al. [54] employed DIA techniques to evaluate LWAC segregation, using
colour thresholding to separate lightweight aggregates from cement paste. Their method, how-
ever, only used uniformly coloured aggregates, not reflecting the diverse colours found in con-
cretes. Additionally, Ke et al. [52] developed a segregation index based on density differences
between the top and bottom of LWAC specimens, but this approach overlooks the full segrega-
tion profile. For SCC, Mesbah et al. [55], Nili et al. [57], and Yim et al. [56] devised segregation
indices based on electrical measurements to assess segregation in fresh SCC. However, these
methods investigate static segregation, as SCC does not require any vibration.

Hence, the remainder of this chapter summarizes our proposed methods for analysing seg-
regation in both fresh and hardened concrete, as detailed in Publications I and II, respec-
tively. In Publication I, we investigate the use of ACIS to monitor concrete segregation during
compaction, comparing changes in bulk resistivity with hardened densities and aggregate dis-
tribution. In Publication II, we develop three different indices to evaluate the segregation
extent of hardened concretes, focusing on variations in density and aggregate distributions. As
previously mentioned, to avoid unnecessary repetitions, the following subchapters aim to out-
line the methodology, findings, and conclusions without delving into all the specifics already
covered in the publications.
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3.2 Monitoring segregation in fresh concrete (Publication 1)

3.2.1 AC-impedance spectroscopy (ACIS) and concrete resistivity

ACIS is a non-destructive testing method that involves applying an alternating current through
electrodes to the material and measuring its impedance across a range of frequencies. The elec-
trical impedance can be expressed as shown in Equation 3:

Z(w) = Re(Z(a))) +j- Im(Z(w)) 3)

where Z(w) denotes the electrical impedance, Re(Z (w)) is the real part and Im(Z (w)) is the
imaginary part, also known as the reactance. The variable w represents the angular frequency
of the applied alternating current. AC impedance measurements are preferred over DC re-
sistance measurements for concrete. DC methods are affected by both concrete resistance and
electrode-concrete contact impedances, resulting in very high readings due to polarization at
the interface. AC current reduces this polarization effect and allows separation of concrete im-
pedance from interface effects, providing more accurate results.

In the ACIS analysis of cementitious materials, the impedance spectra can be represented
with a Nyquist plot. This plot features the real and imaginary components of impedance along
the horizontal and vertical axes, respectively [58—62]. The bulk resistance (Rs) is determined
by the abscissa at the intersection of the bulk and electrode arcs. Figure 2 illustrates this con-
cept by presenting three Nyquist plots on a single graph, each corresponding to a different layer
of the tested concrete: the top, middle, and bottom layers.
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Figure 2 Examples of Nyquist plots for fresh concrete, displayed across a frequency range of 42 Hz to 2 MHz.

Each plot demonstrates measurements taken at a certain depth, with the bulk resistance denoted as Ry. (Re-
printed from Publication I)

ACIS has been widely applied in studying the impact of aggregate on the resistivity of con-
crete, noting that aggregates are generally more resistive than the cement paste. For hardened
concrete, Princigallo et al. [63] demonstrated that aggregate volumes could be estimated based
on resistivity differences observed in ACIS measurements. Similarly, Hou et al. [64] docu-
mented a significant increase in concrete resistivity correlating with aggregate volumes. In
studies of fresh concrete, McCarter [65,66] observed an increase in bulk resistance prior to
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setting, which varied according to the volume fraction of aggregates used. For further details
on the use of ACIS in cementitious materials research, refer to the reviews by Hu et al. [67] and
Wang et al. [68].

3.2.2 Specimens preparation and electrode panel fabrication

The concrete mix was proportioned using Sulphate-Resistant (SR) cement CEM I 42.5 N —
SR3, manufactured by Finnsementti (Parainen, Finland). It incorporated granitic aggregate,
blending seven different fraction sizes with a maximum size of 16 mm. The composition fea-
tured 400 kg/m3 of SR cement, 160 kg/m3 of effective water, and 1755 kg/m3 of aggregates,
achieving an effective water-to-cement ratio of 0.40. Additionally, air entrainment was
achieved using a BASF MasterAir 100 at a dose of 0.032% relative to the cement weight. The
workability was enhanced with BASF MasterGlenium SKY 600 at a dose of 0.9% by cement
weight.

Fresh concrete was tested for both its slump and air content. The slump was measured ac-
cording to the standard test EN 12350-2:2019 [69], targeting a slump of 250 + 5 mm. Air con-
tent was checked using the pressure method specified in EN 12350-7:2019 [70], aiming for an
air content of 6.0 + 1.0 %.

The specimens were cast into a 510 x 150 x 100 mm3 mould made of non-conductive poly-
vinyl chloride (PVC). A custom electrode panel was integrated into the mould, featuring a PVC
backing plate, copper electrodes, and coaxial cables connected to the panel’s top connectors,
which is shown in Figure 3. For the electrode panel, measurement Electrodes (MEs) were ar-
ranged in three layers—top, middle, and bottom—each measuring 60 x 30 mm?2 (Height x
Width), and Grounding Electrodes (GEs) were placed between the MEs to minimize electric
field spread. Additionally, a grounding back plate covered the entire backside of the electrode
panel.

20 mm (vertical section for DIA)

90 mm

130 mm

450 mm

130 mm

90 mm

Figure 3. An illustration of the fabricated electrode panel with three layers of Measuring Electrodes (ME) — top,
middle, and bottom — and Grounding Electrodes (GE). Beside it, the concrete specimen is displayed, highlighting
the locations of drilled cores (top, middle, and bottom) and the vertical section sawn for Digital Image Analysis
(DIA). (Reprinted from Publication 1)
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The electrode panel was connected to the Hioki 3532—50 LCR HiTester impedance analyser
using wires with seven banana plugs. The analyser was in turn connected to a laptop running
SpecAn software. The mould was mounted on a High-Frequency Vibrating Table (2.0271SU)
with a frequency range of 67 — 150 Hz to compact the concrete.

Seven concrete specimens were cast into the mould in one layer and compacted for the dura-
tions and at the frequencies indicated in Table 1. The specimens, labelled as S130-1, S130-2,
S130-3, S130-4, S90-1, SQ0-2, and S50-1, were categorized based on their total vibration times
into three groups. Specifically, the first four specimens underwent 130 seconds of vibration,
the next two were compacted for 9o seconds, and the final specimen was compacted for 50
seconds. ACIS measurements were conducted between the time steps shown in Table 1.

Table 1. Specimen labels, vibration durations, and time steps at specified frequencies

$130-1
Specimen :,1' ggg: ggg; S50-1
S$130-4
Total vibration time (s) 130 90 50

Time steps (s) using

. . 10, 20, 30, 40, 10, 20, 30, 40, 10, 20, 30, 40,
vibrational frequency

of 86 Hz and 50 and 50 and 50
Time steps (s) using
vibrational frequency 70, 90, and 130 70, 80, and 90 None
of 129 Hz

After compaction, the concrete was left to harden at room temperature (20 + 2 °C) for 24
hours, after which the specimens were demoulded. Cores were drilled for density measure-
ments, and sections were sawn for DIA analysis from each specimen, as illustrated in Figure 3.
Specifically, three 75-mm cores were taken from the top, middle, and bottom regions. The den-
sity of each core was measured according to the EN 12390-7:2019 [71] standard. For DIA, ver-
tical slices, each 20 + 2 mm thick, were cut from the electrode-facing side of the specimens.

3.2.3 Electrical impedance measurements and analysis

During compaction, the impedance analyser was connected to the electrode panel via two co-
axial cables inserted into the banana sockets. To measure different layers, the cables were man-
ually switched among the banana sockets connected to each ME layer. This enabled acquiring
the bulk resistance (Rp) for each layer from its respective Nyquist plot, as previously shown in
Figure 2.

The difference in bulk resistances (Rp) between the layers varies due to the depth-dependent
composition of the concrete. However, this variance is also influenced by the geometry of each
electrode layer as well as the partial spread of current outside the measurement layer. Hence,
the bulk resistances were converted into bulk resistivity (BR) values to minimize such geomet-
ric variances. Firstly, the geometric constant of each layer was determined as shown in Equa-
tion 4:

_ Ry, (water) (4)

k; .
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where k; is the geometric constant [m™] for each layer i, R,,, (water) is the measured bulk re-
sistance of the water [2] at each layer i= 1, 2 and 3, and p is the water resistivity of 52 Q « m.
Followingly, the concrete bulk resistivities were calculated using Equation 5:

Ry, .(concrete
N " ) )
i

where BR is the bulk resistivity of concrete [Q « m], R,,,(concrete) is the bulk resistance of con-
crete [Q], and k; is the geometric constant [m™] for each layer i =1, 2 and 3.

Figure 4 displays the BR values over time for the top, middle, and bottom layers, with Figure
4a presenting it for specimen S130-1, and Figure 4b for specimen S9o0-2. For S130-1, the top
layer's BR increased until 40 seconds likely due to entrapped air rising from the middle layer,
then rose sharply until 90 seconds as more entrapped air rose from below. After 9o seconds,
the BR plummeted, indicating the settlement of aggregates from this layer to the ones below.
The middle layer's BR showed slight fluctuations and a modest increase until 70 seconds, then
decreased as aggregates moved to the bottom. On the other hand, the bottom layer initially had
minor variations and a slight decrease in BR likely due to escaping air, followed by a sharp
increase from settling aggregates.

For S90-2, the top layer's BR increased slightly in the first 10 seconds, then constantly de-
creased due to possible faster aggregate sinking. At 50 seconds, the BR plummeted, indicating
segregation as less aggregates were blocking the current flow. The middle and bottom layers of
S90-2 showed similar trends to S130-1, with the middle layer's BR decreasing and the bottom
layer's BR rising sharply at 50 seconds, further suggesting segregation. For the remaining spec-
imens, the difference in BR between the top and bottom layers significantly increased after 50
seconds of vibration. However, specimen S90-1 exhibited a smaller change, indicating less seg-
regation.

Specimens vibrated for the same duration exhibited varied BR differences over time, high-
lighting the need for an objective segregation monitoring method. Hence, we propose the BR
Segregation Index (SIgr), defined as the difference in final BR between the top and bottom
layers:

Slgr = BRfingi(top) — BRging; (bottom) (5)

where Slgg is the BR segregation index (Q ¢ m), BRyinq (top) is the final BR of the top layer [Q
 m], and BRgjpnq (bottom) is the final BR of the bottom layer [Q » m]. It is worth noting that
although S90-1 and S90-2 were both compacted for 9o seconds, the latter had an SIz value
five times higher than that of the former, suggesting the occurrence of more severe segregation
in Sg0-2.
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Figure 4. Changes in bulk resistivities over vibration time for specimens: (a) S130-1, and (b) S90-2. (Reprinted
from Publication I)

3.2.4 Digital image analysis (DIA) of aggregates

DIA was performed on the sawn vertical sections in three steps to estimate the ratio of coarse
aggregates in each specimen, as shown in Figure 5. First, the sections were photographed using
a digital SLR camera. Next, larger aggregates were manually selected in Photoshop, and the
result was saved as a binary image. Finally, aggregates smaller than 8 mm were removed, and
the ratio of coarse aggregates was calculated using Matlab. For analysis, three Regions of In-
terest (ROI) were selected based on the electrode layout and core locations, corresponding to
top, middle and bottom ROIs. The Ratio of the Coarse Aggregates (RCA) was determined by
the ratio of white pixels in the binary mask in each ROLI.
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Step 1. Step 2. Step 3.

ROI: TOP

ROI: MIDDLE

ROI: BOTTOM

&,
L o % fon "aNL "G ~ Y A i
Figure 5. The three steps of Digital Image Analysis: 1) Combining two photographs into one image, 2) Manually
masking the image, 3) Filtering the binary image with visualized Regions of Interest (ROIls) for the TOP, MIDDLE,
and BOTTOM locations. (Reprinted from Publication I)

A segregation index based on the difference in RCA between the top and bottom layers can

be presented as:

Slzca = RCA(top) — RCA(bottom) (6)

where Sl is the aggregate segregation index in percentage points [pp]l, RCA(top) is the RCA
of the top layer [%], and RCA(bottom) is the RCA of the bottom layer [%]. The relationship
between ACIS measurements and aggregate segregation in concrete was examined by calculat-
ing the correlation between the segregation indices Slz-, and Slzg. A very strong correlation
was found, with r = -0.948 and p < 0.012 (significance level of a = 0.05).

Such significant correlation suggests that ACIS measurements can effectively estimate the
ratio of coarse aggregates (RCA) in compacted concrete. Furthermore, the same trend was ob-
served with the Sly, values of S90-1 and S90-2, where Slz-, of S90-1 is almost one-third that
of S90-2, which further indicates higher segregation in S90-2, despite the same vibration time.

3.2.5 Analysis of density measurements

To estimate the segregation of specimens based on core densities, a segregation index
Sl.ore pen is calculated using equation 7:

Sleore pen = Density(top) — Density(bottom) )

where Sl pgy is the aggregate segregation index [kg/m?], Density(top) and Density(bottom)
are the densities of the top and bottom cores [kg/m3], respectively. This index measures seg-
regation caused by aggregate sinking during compaction, the concentration of compaction
pores towards the top, or a combination of both.

As with other indices, the Sl oy pry for S90-1 was significantly lower compared to S90-2.
Additionally, S130-1 showed the highest segregation with an SI..oe pgy more than twice that of
S130-2. Despite this, the SI.,4 values for S130-1 and S130-2 were similar, indicating that the
density difference in S130-1 was due to compaction pores rather than aggregate content. This
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was supported by the fact that upon visual inspection of the sawn section, the top part of S130-
1 had more pores, reflecting its lower density.

The correlation between Slgz and Sl;ore pgy Was r = -0.703 with p = 0.078, lower than the
correlation between Slg; and Slgc, at r= -0.948. This reflects that aggregate movement has a
greater impact on resistivity than entrapped air movement. While Slgz and Sl oy pey are in-
fluenced by both aggregate and air movement, the aggregates appear to have a more significant
effect on the resistivity of concrete. This is further supported by the fact that excluding S130-1
from the analysis largely improves the correlation between S,y pgy and Slzg from -0.703 to
-0.873, while the SIy.,4 and Slzi correlation remains unaffected.

3.3 Assessing segregation of hardened concrete (Publication Il)

3.3.1 Preparation of specimens

A total of 19 specimens were cast from eight concrete batches prepared using OIVA-cement
CEM II/B-M (S-LL) 42.5 N from Finnsementti (Parainen, Finland), incorporating granitic
gravel and white limestone aggregates. The mix contained six different sizes of granitic gravel
and one size of white limestone (8—16 mm). The limestone has a density very similar to the
granitic gravel used, but its white colour makes it easy to detect segregation visually.

The recipe included 430 kg/m3 of cement, 170 kg/m3 of effective water, and 1703 kg/m3 of
aggregates, achieving a water-to-cement ratio of 0.395. Air entrainment was achieved using
BASF MasterAir 100 at 0.025% of cement weight, with workability enhanced by BASF Master-
Glenium SKY 600 at 0.77% of cement weight. The target air content was 6.0+1.0% and the
target slump class was S4 (160—210 mm).

Table 2 presents the specimens cast from each batch, with labels indicating the compaction
method and vibration time. Specimens labelled with a "P" prefix were compacted using the
Wacker Neuson IRFU 30/5 poker vibrator, which has a 350 mm long, 30 mm diameter head
operating at 200 Hz. During compaction, the vibrator was inserted into the centre of each filled
mould, kept 20-30 mm from the base. Towards the end of the compaction process, it was
slowly withdrawn vertically.

These P-specimens were cast in moulds measuring 200 mm in length, 200 mm in width, and
300 mm in height, with the vibration time indicated by the number following the "P". Note
that specimens cast from batch 6, both had an air entrainment of 8.1%, which is identified by
the suffix "_8". On the other hand, specimens labelled with a "T" prefix were compacted using
the High-Frequency Vibrating Table 2.0271SU at 150 Hz. The number following the "T" indi-
cates the specific vibration time. T-specimens were cast into cylindrical metallic moulds with
an inner diameter of 150 mm and a height of 300 mm.

Table 2. Specimens from poker-vibrated (P) and table-vibrated (T) concrete batches

Batch No. Cast specimens

P12 & P27

P16 & P30

P6 & P40

P10 & P18

P20 & P35
P6_8 & P40_8

T140, T120, T100 & T80

T60, TS50 & T40

ONO OB WN -
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Specimens were left to harden for 48 hours after which each specimen was sawn using a di-
amond blade saw with a blade thickness of 5 mm. As shown in Figure 6, a 25-mm thick vertical
section was first cut from the side of each specimen. The remaining part was then sawn into
ten equal horizontal slices, each 25 mm thick.

Casting direction

Figure 6. Schematic representation of the sawn sections in a hardened P-specimen, with the casting direction
indicated by a downward arrow. (Reprinted from Publication II)

3.3.2 Segregation index based on density measurements

The densities of the horizontal slices were determined according to SFS-EN 12390-7 [71]. Den-
sity profiles can be plotted based on the calculated densities, as shown in Figure 7, where den-
sities are plotted on the y-axis and the depth of each specimen on the x-axis. The T-specimens
shown in Figure 7 demonstrate that longer vibration times result in greater density variation
throughout the specimen.

T140, T120, T100 & T80
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Figure 7. Density profiles for over-compacted specimens: T140, T120, T100, and T80. (Reprinted from Publica-
tion II)
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A segregation index, referred to as Slg;c. pen, can be calculated based on the standard devi-
ation of densities across the ten horizontal slices, as shown in Equation 8:

?:1(Di - I-_))Z
n—1

®

SIslice_DEN =

where n is the number of slices, which is ten in this case, D; is the density of the i-th slice, and
D is the average density of the ten slices. When segregation occurs, the concentration of aggre-
gates in specific areas causes variations in local densities, which increases the value of
Slsiice_pen- These values for both P- and T-specimens are shown in Figure 8 a and 8b, respec-

tively.
(a) P-specimens (b) T-specimens
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Figure 8. Standard deviation of densities across the ten slices, represented as S1; . pgy, and the corresponding
segregation levels according to the limits specified in Table 3. (Reprinted from Publication II)

Given that the extent of segregation can be determined using Sig;ce pgwy, We proposed a four-
level classification system: SL1, SL2, SL3, and SL4. The corresponding limits for each level are
detailed in Table 3. These suggested limits can be adjusted based on specific needs. For exam-
ple, water-tight structures or elements requiring high load-bearing capacity may necessitate
stricter limits. Further research is needed to explore possible modifications to those limits
based on different applications.

Table 3. Suggested limits for the classification of segregation levels based on S1gj;ce pen

Segregation Level Range of SI;.. pry (kg/m?)
SL1 <30
SL2 30-60
SL3 60-90
SL4 >90

Figure 8 demonstrates that as vibration time increases, Slg;ic. pgy values rise, indicating
greater segregation. For example, P16, P18, and P27 have SI;.. ppy values of 40 kg/m3, 46
kg/m3, and 71 kg/m3, respectively. P16 and P18, vibrated for similar durations, show close
Slsiice pen Values, while P27, vibrated longer, has a higher SI;;.. pry. This trend is also ob-
served in T-specimens. Statistical analysis shows a strong correlation between vibration time
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and Slg;ce pen: R2 = 0.875, p = 0.001 for P-specimens, and R2 = 0.921, p < 0.001 for T-speci-
mens. Thus, Slg;c. pey can be used as a reliable indicator of segregation in concrete.

3.3.3 Segregation indices based on digital image analysis of aggregates

Five horizontal slices from each specimen were scanned using an Epson Perfection V37 flat-
bed scanner. The bottom side of each odd-numbered slice was scanned, covering depths of 25
mm, 85 mm, 145 mm, 205 mm, and 265 mm from the top of the specimen. DIA was performed
using a custom Python code, employing colour thresholding to isolate aggregates in each im-
age. As shown in Figure 9, three aggregate tones were identified: white-toned, red-toned, and
black-toned. Each type was isolated using Hue-Saturation-Value (HSV) thresholds to create
binary masks.

This segregation analysis focused on aggregates larger than 5 mm in size. Post-processing of
the binary masks was conducted to isolate these larger aggregates, followed by morphological
operations to fill small holes within the detected aggregates. The area ratio of these aggregates
was then calculated to determine the percentage of each type in the scanned slice.

For example, the slice in Figure 9 has 8.6% white-toned aggregates, 6.0% black-toned aggre-
gates, and 5.4% red-toned aggregates, totalling 20% larger aggregates in the slice. The same
DIA approach was applied to the vertical section scans, with two additional steps included.
Firstly, binary images of the three aggregate types were merged into a single composite binary
image. Secondly, this image was digitally segmented into ten equal slices, at similar locations
to the ten physically sawn horizontal slices.

- ey

dat

Original Sean Binary Image: Binary Image: Binary Image:

White-toned aggregates  Black-toned aggregates  Red-toned aggregates
Figure 9. Original scan of a concrete horizontal slice and its corresponding binary masks highlighting white-toned,
red-toned, and black-toned aggregates larger than 5 mm. (Reprinted from Publication Il)

Despite the effectiveness of the DIA method in isolating aggregates, natural variability in ag-
gregate colour can cause edges to blend with the cement paste, leading to incomplete capture
by HSV limits. Internal holes in aggregates might also be missed by the algorithm. To quantify
detection errors, a manual correction was performed on four scans from different specimens
and depths: PO2 at 25 mm, PN1 at 85 mm, PN2 at 145 mm, and PO1 at 265 mm.

This correction involved overlaying binary images of aggregates onto the original scans and
refining edges and gaps using Photoshop. Corrected aggregate percentages were recalculated
with a Python script. The comparison showed an error range of 0.1% to 0.6%, averaging 0.4%.
This minimal error margin confirms the reliability of the method in representing aggregate
distribution.

This study introduces two indices to estimate segregation based on the distribution of aggre-
gates within a specimen. The first index denoted as Sl,5; 4 is based on the distribution among
five horizontal slices. The second index, Slys¢ v, is derived from the distribution among ten
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digitally divided slices from the sawn vertical section. Sl,¢; y is calculated as the standard de-
viation of the aggregate percentages from the five horizontal slices, as shown in Equation 9:

?=1(AHi - AH)Z
n—1

(9)

SIAGG_H =

where n is the number of slices, which is five in this case, Ay, the percentage of aggregate in the
i-th slice, and 4y, is the average percentage of aggregate across the ten horizontal slices. On the
other hand, Sl ;¢ v is calculated as the standard deviation of the aggregate percentages from
the ten digitally divided slices, each measuring 3 cm x 20 cm, from the vertical section, as
shown in Equation 10:

?=1(AVi - AV)Z
n—1

(10)

SIAGG_V =

where n is the number of slices, which is ten for this index, Ay, the percentage of aggregate in

the i-th slice, and A, is the average percentage of aggregate across the ten digital slices. The
calculated values for Slyc; y are shown in Figure 10a and 10b, respectively, and those for
Slsgc v are shown in Figure 10c and 10d, for P- and T-specimens, respectively.

(a) P-specimens (b) T-specimens
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Figure 10. Calculated values of segregation indices S1,4¢ g and S1,4¢ y for P- and T-specimens, and their re-
spective segregation levels according to Table 4. (a) S1,4¢ y for P-specimens, (b) SI6¢ y for T-specimens, (c)
S1,¢¢ vy for P-specimens, and (d) S1,¢¢ v for T-specimens. (Reprinted from Publication II)
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The effectiveness of both image analysis-based indices, Sly¢s y and Slys v, was assessed by
examining their correlation with the density-based index Sig;ce pen- For Slyge u, P-specimens
exhibited a strong correlation, with R2 = 0.846 and p < 0.001. Similarly, T-specimens showed
a robust correlation, with R2 = 0.891 and p = 0.0014. In the case of Sl,5¢ v, the correlation
with SI;ce pey Was also strong for both specimen types. P-specimens had R2 = 0.758 and p <
0.001, while T-specimens had R2 = 0.876 and p = 0.0019. These results demonstrate that both
indices are effective in estimating segregation levels within individual specimen groups.

However, when P- and T-specimens were combined, the correlation for Sl  dropped sig-
nificantly, such that R2= 0.425 and p = 0.0025. This decrease may be attributed to the reliance
of SI,¢¢ v on a single vertical slice, which might not capture the aggregate distribution as com-
prehensively as multiple horizontal slices in S,z 5. Additionally, different vibration methods
for P- and T-specimens could have varying effects on vertical slices from the side of the speci-
men, thus affecting the correlation when combining both specimen groups.

Unlike the aggregate-percentage-based indices (Slys6 y and Slyg ), density-based indices
(such as Slg;c. pen) are influenced by both aggregate distribution and air content variations.
Further investigation is required to fully understand these discrepancies. On the other hand,
the combined analysis of both P- and T-specimens for Sl,;; y indicated a strong correlation,
with R2 = 0.839 and p < 0.001. This suggests that Sl  is more reliable for assessing segre-
gation across specimens compacted using different vibration methods.

Segregation levels can also be suggested based on either SI,;; y or Slyge u, as shown in Table
4. A comparison of the segregation levels obtained from all three indices reveals a notable con-
sistency. For most specimens, the segregation levels identified by Slg;c. pgy matched those de-
termined by Slycc y. In cases of discrepancy, the levels differed by only one level higher or
lower. Conversely, for segregation levels classified by Slys¢ v, less than 50% aligned with those
obtained from Slg;ce pen, With most differences also being within one level. An exception was
noted for specimen T50, which was classified as SL4 based on Sl v, while Slg;ce ppy classi-
fied it as SL1.

Table 4. Classification of segregation levels for segregation indices based on aggregate percentages

Segregation Level Range of SI,¢6 4 0or SIye6 v
SL1 <3%
SL2 3% —4.5%
SL3 4.5% — 6%
SL4 > 6%

These small differences in segregation levels highlight the unique aspects each index
measures: Slg;c. pey captures overall density distribution, Sl y focuses on aggregate distri-
bution across multiple horizontal levels, and Sl  evaluates one vertical slice. Moreover, nat-
ural variability in aggregate size and distribution can influence these indices, independent of
compaction methods or durations.

3.4 Discussion of segregation analysis

In Publication I, we explored the effectiveness of ACIS for assessing segregation in fresh
concrete. This was achieved by examining the bulk resistivity differences between the top and
bottom layers of concrete during compaction. We developed the ACIS-based index Sizg, which
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showed a very high correlation with Sl.,, an index that assesses the difference in aggregate
percentages between these layers.

In contrast, Slzr showed a lesser correlation with SI,,. pgy, another index we derived from
the densities of cores extracted from the top and bottom layers. This discrepancy likely arises
from the fact that SI.,.. pgy includes air in its density measurements, unlike SI;-, which fo-
cuses exclusively on aggregate content.

Our investigations also revealed that even concrete specimens cast from similar mixes and
subjected to identical vibration frequencies and durations can exhibit considerable differences
in segregation. For instance, specimens S90-1 and S9o0-2 displayed significant disparities in
both SI.ore pen and Slgc, values, with S9o-2 showing nearly threefold higher indices than Sgo-
1. Furthermore, among four specimens vibrated for 130 seconds, a notable variation in Slgz:4
values was observed. These results emphasize the insufficiency of relying on vibration time as
a sole indicator for segregation.

Segregation from hardened concrete was only addressed in Publication I as means to vali-
date the reliability of ACIS measurements to evaluate segregation. However, in the test setup
only the top and bottom parts of the specimen were considered, which might not provide a
representative view of segregation in the whole specimen.

Hence, in Publication II, we introduced three new indices: Slsice pens Slace > and Slyge v
Slsiice_pen, an index derived from density measurements, accounts for both aggregate and air
segregation, and necessitates the most extensive preparation involving the sawing of the spec-
imen into ten horizontal slices and weighing them in air and underwater. Conversely, Slycc y
and Slg¢ v, which rely on aggregate distribution from horizontal slices, and one vertical slice,
respectively, require less preparation time, with Sl  being the quickest as it involves imag-
ing just one vertical section. Notably, Slyz;  shows a strong correlation with Slig;.. pey, rein-
forcing its practicality for quick assessments.

Besides estimating the segregation level of specific specimens, it is also possible to evaluate
the sensitivity of a concrete mix to segregation by casting and analysing multiple specimens
from the same mix using one of the developed indices. For example, the average change in
Slsiice_pen for T-specimens is 0.6 kg/m3 per second of vibration. Comparing this rate with other
mixes vibrated under similar conditions provides a metric for assessing segregation sensitivity.

Another approach to assess segregation sensitivity is to calculate the range between the high-
est and lowest values of an index, recorded across different vibration times for the same mix.
For instance, the SI,;; y for ten P-specimens has a range of 6.2%. If another set of ten speci-
mens from a different mix shows a higher range under identical vibration conditions, it sug-
gests that the latter mix is more prone to segregation.
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4. Analysing entrapped pores in concrete

4.1 Overview

The reliance on bubbles rising to the concrete surface as an indicator for when to stop compac-
tion is supported by the American Concrete Institute’s Guide of Consolidation of Concrete [11],
the Australian compaction guide [17], and the supplementary guide to the British Standard
EN-13670-1:2000 [25]. Furthermore, the European standard EN 12390-2 [26] specifies that
concrete must be vibrated for minimal durations until large bubbles no longer rise to the sur-
face, while avoiding severe segregation. These guidelines result in the common onsite practice
of stopping vibration based on the operator’s observation of bubbles cessation [11,17,18]. This
in turn introduces significant subjectivity to the compaction process.

Hence, researchers have investigated automated monitoring of compaction relying on differ-
ent approaches, as discussed in Section 2.4. Researchers who focused on analysing surface im-
ages during compaction developed machine learning models trained on images manually la-
belled as unqualified, middle, qualified, and over-vibrated. However, such approach did not
consider the surfacing of bubbles, as the labelling of the images was based on the appearance
of aggregates on the surface. Moreover, the labelling process introduces personal bias, as it
relies on subjective judgment rather than objective measurements.

For assessing pores in hardened concretes, manual measurements have traditionally been
used to evaluate entrained air properties, as outlined in EN480-11 [72]. This involves examin-
ing a polished sample under a microscope, which is both time-consuming and requires skilled
labour. Researchers [5,73—75] have resorted to DIA to speed up the analysis of pores properties
from the polished samples. However, this does not eliminate the labour-intensive process of
sample preparation. Additionally, these methods analyse pores in 2D, whereas pores in con-
crete exist in a 3D structure.

To overcome the limitations of DIA, researchers have used x-ray computed tomography
(XCT) to analyse air voids in hardened concrete [5—7,73,76—84], which requires minimal sam-
ple preparation. A standard XCT system includes an x-ray source, a rotating sample stage, and
a planar detector. During scanning, multiple 2D projection images are captured and recon-
structed into a 3D volumetric dataset. This dataset consists of voxels with brightness levels
reflecting the x-ray density of the material, related to both physical density and atomic mass
[7]. Post-processing segmentation of pore voxels, using methods like watershed segmentation
[85], allows for detailed 3D analysis of pores properties.

In such research [5-7,73,76—84] the total air content, including both entrapped and en-
trained air, was examined. However, the analysis focused on isolating the properties of en-
trained air, such as the spacing factor, the specific surface of the air-void system, pore orienta-
tion, and sphericity of the pores. Given the small size of entrained pores, XCT scanning
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resolution must be fine, necessitating the use of smaller samples, which ranged in those re-
search projects from 1 cm3 to 64 cm3. However, such small samples do not adequately repre-
sent the larger entrapped pores.

Hence, the rest of this chapter discusses methods to analyse entrapped pores in concrete in
both the fresh and hardened states as detailed in Publications III and IV, respectively. In
Publication III, we examine entrapped bubbles surfacing during compaction and explore the
relationship between their rising behaviour and compaction quality. Publication IV focuses
on the properties of entrapped pores in hardened concrete cores, studied through XCT scans.
The specimens investigated varied in workability and were subjected to different vibration du-
rations.

As noted in the previous chapter, the upcoming sections will focus on summarizing the meth-
odology, key findings, and conclusions to prevent unnecessary repetition of information al-
ready detailed in the articles.

4.2 Entrapped surface bubbles analysis during compaction (Publication lll)

4.2.1 Compaction and video recording

Six of the specimens prepared for Publication IT are studied in this research, including four
compacted by the table vibrator (T-group): T140, T120, T100, T80 and two compacted by the
poker vibrator (P-group): P35, P20, with the mix and vibrator details specified in section 3.3.1.
During the compaction of each specimen, the surface of the concrete was video recorded using
a Sony FDRAX100E 4k Camcorder, positioned 50 cm above the surface. The videos were cap-
tured in 4k quality at a frame rate of 25 fps and saved in .MP4 format.

4.2.2 Digital image analysis of video frames

Frames were extracted from the recorded videos using a Python script. Due to the longer vi-
bration times for the T-group, frames were extracted every five seconds, while for the P-group,
frames were extracted every one second. Bubbles in these frames were manually selected using
a MATLAB R2021a application developed by Haas et al. [86], as shown in Figure 11. The bub-
bles were marked as ellipses, and their centre coordinates, semi-axes, rotation angles, and ver-
tices were saved along with the images in a “.mat” file.

(b)

Figure 11. Frames showing bubbles marked in red using the MATLAB tool by Haas et al. [86]: (a) 75-second
frame from video T80; (b) 29-second frame from video P35. (Reprinted from Publication Ill)
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To analyse the selected bubbles, the frames were loaded into Python, focusing on arrays con-
taining the centre coordinates and semiaxes lengths of the bubbles. The first step involved ex-
cluding all bubbles smaller than the entrapped pore threshold, specified in the Finnish con-
crete guidelines as having a minimum diameter of 0.8 mm.

It should be noted that the selected bubbles in each frame represent those remaining on the
surface during compaction, rather than newly risen bubbles in that frame. To distinguish new'
bubbles from 'old' ones in successive frames, we removed bubbles from frame 'i+1' that showed
minimal displacement and dimension change compared to those in frame i, based on their
centre coordinates and semiaxes lengths.

To identify old bubbles, we needed to establish tolerances for the maximum allowable move-
ment in the x and y directions, as well as for changes in the semiaxes lengths based on the
differences observed between consecutive frames. These tolerances were determined by man-
ually tracking the changes for 24 bubbles from the T-group and 12 from the P-group, then av-
eraging the observed values. It was found that the tolerances for centre movement were Ax =
Ay = 6 mm for the T-group and Ax = Ay = 9 mm for the P-group. For size change, the tolerance
was an average increase of 1 mm in either semiaxis length for the T-group and 2 mm for the P-
group.

Cumulative bubble counts were analysed to test whether optimal compaction coincides with
the cessation of new bubbles. A zero slope would indicate that bubble rise had stopped. How-
ever, Figure 12 shows continuous slopes for T-group and P-group specimens, suggesting
that additional compaction time was needed for all concretes.
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Figure 12. Accumulation of newly risen bubbles over vibration time for (a) T-group and (b) P-group specimens.
(Reprinted from Publication Iil)

Despite the continuous rise in bubbles for all specimens, Figure 12a shows a rate reduction
in T140, T120, and T80, as detailed in Table 5. According to the table, each cumulative line
showed two distinct rates: an initial rate before the deceleration point and a slower rate after-
ward.

Table 5. Bubble emergence rates and deceleration points observed before and after slowdown for T140, T120,
and T80.

Specimen Deceleration Point Initial Rate Decreased Rate
(s) (bubble/s) (bubble/s)
T140 70 6.2 1.6
T120 85 4.0 2.5
T100 65 4.5 2.9

As shown in Table 5, T140 shows the most significant change between the initial and de-
creased rates, with a drop of 4.6 bubbles/s. In contrast, T120 and T80 show much smaller
drops of 1.5 and 1.6 bubbles/s, respectively. These small changes are challenging to detect with
the naked eye on-site. Moreover, none of the slopes approached zero, indicating that, according
to the bubble cessation rule, compaction should have continued as larger bubbles were still
rising to the surface.
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4.2.3 Segregation index based on density measurements

As previously mentioned, the seven specimens analysed in Publication III are part of the
larger group of specimens studied in Publication II. Their segregation was examined along-
side other specimens as presented in subchapter 3.3.2, using the standard deviation of densi-
ties among slices, denoted by Slg;c. pey in Equation 8.

As shown in Figure 8, none of the seven specimens fell within the lowest segregation level of
SL1, denoting that all specimens were segregated. In the T-group, T80 exhibited the lowest
segregation with a Sig;c. pgy value of 38 kg/m3. T100 and T120 had Sy ppy Values of 70
kg/m3 and 86 kg/m3, respectively. T140 showed the highest segregation with a Slg;ce ppy Of
94 kg/m3. In the P-group, P20 had a Sly;c. pey value of 49 kg/m3, while P35 recorded a
SIslice_DEN of 78 kg/m3

4.3 Entrapped pores analysis in hardened concrete (Publication IV)

4.3.1 Preparation of specimens

A total of three concrete batches were prepared using OIVA cement CEM II/BM (S-LL) 42.5 N
from Finnsementti (Parainen, Finland), featuring granitic gravel as the aggregate. The aggre-
gate mix included seven fractions, with a maximum size of 16 mm. Each batch comprised 425
kg/m3 of cement, 170 kg/m3 of effective water, and 1709 kg/m3 of aggregates, resulting in a
water-to-cement ratio of 0.40. Superplasticizer dosages were adjusted across three levels —
0.35%, 0.56%, and 0.71% of cement weight— to target slump classes S2, S3, and S4, respec-
tively. Air entrainment was maintained at 5% using MasterAir 100, with dosages of 0.008%,
0.011%, and 0.020% of cement weight, corresponding to each slump class.

Three specimens were cast from each batch, totalling nine specimens. Each specimen was
cast in a single layer into a steel mould with an inner diameter of 150 mm and a height of 300
mm. The concrete was compacted using a compaction table operating at a vibration frequency
of 50 Hz. To create different levels of entrapped pores, each batch was subjected to three dis-
tinct vibration durations: 5 seconds, 20 seconds, and 45 seconds, corresponding to high, me-
dium, and low amounts of entrapped pores, respectively. The specimens were labelled accord-
ing to the slump class followed by a dash and the vibration time. For example, S2-5 indicates a
specimen with an S2 slump that was vibrated for 5 seconds.

After casting, the specimens were allowed to harden then a core with a 70 mm diameter was
drilled from the centre of each specimen, matching the height of the specimen, as shown in
Figure 13. These cores were then scanned using XCT, as detailed in the next section. Following
the scanning, the cores were horizontally sawn into ten slices to analyse segregation in the
specimens through density measurements.
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Figre 13. ie hardened concrete specimens with centrally drilled 70-mm cores. (Reprinted from Publication
V)

4.3.2 X-ray Computed Tomography measurements and analysis

The samples were scanned using a 240 kV microfocus tube with 0.5 mm copper and aluminium
beam filters. Scanning parameters were 180 kV, 350 pA (63 W), and a 50.0 um resolution.
Each angle involved three averaged 500 ms exposures. Multiscan images with 2000-2500 an-
gles per field of view, and five fields per sample, resulted in a total scan time of 5.55—6.95 hours.

No ring artifact reduction was used, and a beam hardening correction coefficient of 4 was
applied. Data was reconstructed with phoenix datos|x 2 and analysed using ThermoFisher Per-
Geos 2020.2, with Mask segmentation for surfaces and 2-Phase Watershed for pores.

The total volume of entrapped pores within each core is shown in Table 4. Although Popovics
[37] suggested that 1% of entrapped pores typically remain in concrete after compaction, we
will analyse the results based on the commonly accepted 2%-limit. As shown in Table 6, en-
trapped porosity remained under 2% for all specimens, except for S2-5, which had 2.2%.

Table 6. Total entrapped pores in each specimen obtained via X-ray Computed Tomography

Sample S2-5 S2-20 S2-45 S3-5 S3-20 S3-45 S4-5 S4-20 S4-45

Entrapped porosity 2.2% 15% 07% 18% 13% 08% 13% 12% 0.7%

Concrete consistency affects entrapped porosity within each time group. Stiffer concretes in
the S2 slump group have higher porosity. For example, S2—5 has 0.7%-point more entrapped
air than S3-5, and S3—5 has 0.5%-point more than S4—5. Similar trends appeared in the 20-
second group. However, by 45 seconds, the differences diminished, with S2—45 and S4—45
having the same porosity and S3—45 only 0.1%-point higher, indicating most air had been ex-
pelled by this point.

Figure 14 illustrates 3D reconstructed entrapped pores in specimens S2—5, S2—20, and S2—
45. Specimen S2—5 (Figure 14a) shows an abundance of pores throughout its height. In S2—20
(Figure 14b), there is a significant reduction in pore concentration, with larger pores mainly
near the top. Specimen S2—45 (Figure 14c) exhibits a further decrease in pore numbers,
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particularly larger ones. This progression emphasizes the effect of compaction time on reduc-
ing entrapped porosity, which should be considered along with the potential of segregation.

(b)

Figure 14. 3D pore reconstructions shown in 2D for: (a) S2-5, (b) S2—20, (c) S2—45. (Reprinted from Publication
V)

Figure 15 shows entrapped porosity profiles plotted using the volume average of entrapped
pores in each 0.1-mm slice from the XCT scan. We used the 2% limit as a reference for maxi-
mum porosity within a core due to the lack of specific guidelines for local porosity. The S2-
group is shown in the first row of Figure 15.
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Figure 15. Entrapped porosity profiles for the nine concrete specimens: S2 samples in the top row, S3 in the mid-
dle, and S4 in the bottom. The dashed line marks the 2% porosity threshold. Note: The top of each specimen cor-
responds to Height = 0. (Reprinted from Publication IV)

For S2—5, the 2% porosity threshold is frequently exceeded throughout the core, indicating
widespread high porosity regions. In S2—20, fewer sections surpass this threshold, suggesting
a less uniform distribution due to longer compaction. S2—45 shows a concentrated porosity
distribution with only a minor spike above 2%, implying that extended compaction contains
high porosity areas.

A similar pattern is seen in S3 and S4 samples. S3—5 and S4—5 often exceed the 2% limit,
while S3—20 and S4—20 do so less frequently, and S3—45 and S4—45 barely exceed it. These
results confirm that longer compaction times lead to more controlled porosity profiles across
all groups, minimizing high porosity areas within the concrete.

The influence of concrete slump on porosity can be investigated by checking the vertical rows
of Figure 15. As slump increases, the area under the porosity curves exceeding the 2% threshold
decreases, especially in samples compacted for 5 and 20 seconds. Higher workability concretes
tend to keep the entrapped porosity below 2% with the same vibration time. S2—45 and S3—45
show minimal porosity above this threshold, while S4—45 consistently stays below it.
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To analyse the size distribution of entrapped pores in each sample, the equivalent diameter
of each pore was determined by calculating the diameter of a sphere with the same volume as
the pore. In the S2 specimens, the maximum pore size ranged from 6.4—12.4 mm, while in the
S3 group, it was 8.4—11.6 mm, and in the S4 group, it was 6.8—9.5 mm. However, most of the
pores were much smaller: approximately 70% had an equivalent diameter of 0.8—1.2 mm,
while another 15% fell within the 1.2—1.6 mm range.

Furthermore, we analysed the contributions of each diameter range to the total entrapped
porosity in the samples. As presented in Figure 16, the diameter range 2.7—4.6 mm shows the
largest contribution to the total porosity, with an average volumetric fraction of 25% across the
nine samples. Although the 0.8—1.2 mm diameter range represented 70% of the total number
of entrapped pores, it only contributed an average of 17% to the volumetric fraction of en-
trapped porosity.

Equivalent Diameter (mm)
0.8-1.2 1.2-16 16-1.8 1.8-2.1 21-2.7 2.7-4.6 46-58 58-98 9.8-12.4
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Figure 16. Distribution of entrapped porosity across specified pore size ranges, showing the proportional volume
contribution of each range the total entrapped porosity. (Reprinted from Publication IV)

Additionally, we assessed the shape of entrapped pores using the true sphericity index. This
measure, introduced by Wadell in 1932 and referenced in [87], is calculated using the following
equation:

V36nV2 (11)
S

where p represents the sphericity index, V'is the pore’s volume, and S is its surface area. The
sphericity index values fall between 0 and 1, with 1 indicating a perfectly spherical pore. We
plotted the calculated sphericity indices as a cumulative distribution. Figure 17 displays this
data, with the x-axis showing sphericity indices and the y-axis representing the cumulative
percentage of pores.
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Figure 17. Cumulative distribution of pore sphericity indices across the nine concrete samples, illustrating shape
variation in entrapped air voids. (Reprinted from Publication V)

As shown in Figure 17, the sphericity index distribution varies significantly among the differ-
ent specimen groups. For the S2 group, approximately 80% of the pores exhibit a sphericity
index higher than 0.8, indicating a high degree of spherical uniformity. The S3 group demon-
strates slightly less spherical pores, with 80% of the pores having a sphericity index above 0.7.

In contrast, the S4 group shows notably less spherical pores, with 80% of the pores having a
sphericity index exceeding 0.55. These results suggest a clear trend in pore sphericity across
the three specimen groups, with S2 having the most spherical pores, followed by S3, and S4
showing the least spherical pore structures.

This trend in pore sphericity may be attributed to two factors. Lower slump concretes might
contain more spherical pores due to denser particle packing, while more fluid mixes could al-
low greater pore deformation. Additionally, stiffer mixes may better preserve the original bub-
ble shape during compaction, whereas in more workable concrete, bubbles might deform more
easily when interacting with aggregates under vibration. These hypotheses, however, require
further investigation for confirmation.

Non-spherical pores in concrete can significantly impair its performance. These irregular
voids create stress concentrations, reducing load capacity and increasing crack susceptibil-
ity[88—90]. Van den Heever [89] found that a 19% decrease in pore sphericity correlated with
lower compressive strengths. This highlights the importance of minimizing irregular pores,
especially in more workable mixes, while minimizing segregation.

4.3.3 Segregation index based on density measurements

Segregation in the nine specimens was assessed using the slice density deviation method, as
explained in Publication IT and represented by Sig;c. pey in Equation 8. The results, shown
in Figure 18, reveal that Slg;.. pgy remained below 30 kg/m3 for the S2 group, indicating min-
imal segregation. In contrast, SIy;.. pgy Values for the S3 and S4 specimens doubled with an
increase in vibration from 5 to 20 seconds, and then doubled again from 20 to 45 seconds
almost reaching 60 kg/m3. These findings support that stiffer concretes are less prone to seg-
regation compared to more workable mixes, though the impact of entrapped pores in both
types of concrete must also be considered.
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Figure 18. Standard deviation of slice densities SI;.. pey for concrete specimens, indicating segregation within
each sample

4.4 Discussion of entrapped pores analysis

In Publication III, we investigated the relationship between surface bubble emergence and
concrete segregation during vibration. Our findings challenge the conventional rule of using
bubble cessation as an indicator for optimal compaction time. We observed continuous bubble
emergence throughout the compaction process for all specimens. However, all specimens ex-
hibited some degree of segregation, with T140 showing the most severe, followed by T120, P35,
and T100. This trend of continuous bubble emergence, regardless of segregation level, was
consistent across all four publications in this thesis

Even among T-group specimens cast from the same batch and compacted by the same table
vibrator, we observed three distinct patterns of bubble emergence. T100 showed a consistent
rise in bubbles, T140 exhibited the highest initial rate followed by a significant drop, while
T120 and T80 displayed similar initial rates with minor drops.

This variance among similar specimens shows how concretes from the same batch can exhibit
different bubble expulsion behaviours. This inconsistency questions the reliability of surface
bubble observation for optimal compaction, highlighting the need for more robust methods.

In Publication IV, we investigated the properties of entrapped pores in hardened concrete
using X-ray computed tomography (XCT). We examined various characteristics including total
entrapped pore volume, size distribution, and sphericity. Our findings revealed that even when
total entrapped pore volume falls within acceptable limits, significant concentrations of en-
trapped pores can occur within specimens, potentially leading to durability and strength is-
sues.

We observed that concrete behaviour varies with slump levels. Low slump (S2) concrete ben-
efits from extended vibration due to its low segregation tendency, effectively expelling en-
trapped air. As slump increases (S3 and S4), pore expulsion becomes more efficient, but the
susceptibility to segregate is much higher.

In more workable concretes, pore sphericity decreases, leading to potential stress concentra-
tions, particularly in pore clusters. Regarding segregation, S3 and S4 concretes showed the
highest segregation sensitivity, requiring a balanced compaction approach with shorter vibra-
tion times to prevent non-spherical pore accumulation and manage segregation risks.

These observations highlight the relationship between compaction time, workability, and
pore characteristics. Our results suggest that optimal compaction strategies should be tailored
to concrete consistency, balancing pore expulsion with segregation and non-spherical pore for-
mation risks. This underscores the need for more sophisticated methods to determine ideal
compaction times across various mixes

41



Conclusions

5. Conclusions

5.1 Research findings

In this section, we will present the conclusions of the thesis by addressing the research ques-
tions outlined in section 1.3. For each publication, we will first provide a brief background for
the study, followed by the relevant research question and corresponding findings.

We begin with Publication I, which addressed a major challenge in concrete compaction.
The risk of segregation during compaction is a significant concern for concrete. To address this
issue, we explored the potential of an ACIS-based monitoring system. Our experimental setup
involved casting specimens with an integrated electrode panel attached to the mould. This al-
lowed us to measure electrical impedances at various depths and compaction stages. This in-
vestigation led us to answer our first research question:

RQ1: Can concrete segregation be monitored during compaction?

Concrete segregation can indeed be detected using ACIS measurements during the compac-
tion process. Unsegregated specimens show minimal fluctuations in top-to-bottom resistivity
differences (SIzg), while segregated specimens exhibit much larger Sl variations.

The accuracy of ACIS monitoring was validated through strong correlation with analysis of
aggregate percentage concentrations (R= -0.948), demonstrating its reliability in assessing
concrete segregation. Furthermore, our study revealed that compaction time alone cannot pre-
dict segregation levels, as identical mixing and vibration conditions produced varied results.
These findings highlight the complexity of segregation and the necessity of real-time monitor-
ing during compaction.

Publication IT explored three segregation indices, each designed to measure segregation in
comparable concretes. We applied these indices to specimens compacted using two methods:
poker vibration (P-specimens) and table vibration (T-specimens), with varying vibration du-
rations. This investigation addressed our second question:

RQ2: How to evaluate segregation in concrete?

Our study presented three effective indices for evaluating concrete segregation. The first re-
lies on the distribution of densities within a specimen, calculated as the standard deviation of
densities from ten horizontally sawn slices (SIgj;ce pen), providing a comprehensive measure of
segregation.

The second method uses the distribution of aggregates larger than 5 mm within a specimen,
reflected in Sly¢; y, which is based on the standard deviation of aggregate percentages in five
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horizontal slices. Slyz¢ y showed a high correlation of R2 = 0.839 with Slg;c. pen, regardless
of the vibration method. The third and most time-efficient approach involves analysing the
distribution of aggregates within a single vertical slice. This index, Sl,s¢ v, correlates well with
Slice_pen, With correlation coefficients of R2= 0.758 and R2= 0.876 for P-specimens and T-
specimens, respectively.

Based on these indices, we defined segregation levels (SL1-SL4) to categorize concrete segre-
gation, with adjustable limits for different applications. This classification system offers a prac-
tical tool for assessing concrete quality. Our research also revealed that increasing air entrain-
ment from 6.5% to 8% significantly raised all three segregation indices, demonstrating both
the impact of air content on segregation and the sensitivity of our proposed indices in evaluat-
ing segregation in concrete.

In Publication III, we examined the long-standing practice of stopping compaction when
bubbles no longer appear on the surface. Our methodology involved video recording concrete
specimens throughout the compaction process, focusing on the emergence of new surface bub-
bles. We then compared the findings with segregation assessed using Slg;ce pen- The analysed
results answer our third research question:

RQ3: Can concrete compaction quality be assessed by observing the emergence
of bubbles?

Our study revealed that observing bubble emergence is not a reliable indicator of compaction
quality. None of the tested specimens exhibited a total cessation of bubble emergence, suggest-
ing continuing their compaction. However, all specimens showed various levels of segregation,
some more pronounced than others, indicating that segregation can occur well before bubble
emergence stops.

Additionally, bubble emergence patterns varied widely across specimens. Half of the speci-
mens showed a steady rise of bubbles to the surface, while the other half exhibited a declining
rate of bubble emergence. However, none approached a complete stop. These findings chal-
lenge the conventional use of bubble emergence as a sole indicator of compaction quality. Re-
lying on this method can lead to severe cases of segregation.

Publication IV examined the remaining entrapped pores in hardened concrete. Using X-
ray Computed Tomography (XCT), we conducted an in-depth analysis of the characteristics of
these pores. Our study involved casting concrete specimens with different workability levels
and compacting them for varying durations. The subsequent XCT scans provided comprehen-
sive data on entrapped porosity, allowing us to answer the fourth research question:

RQ4: How do compaction time and concrete workability affect the characteris-
tics of entrapped pores in hardened concrete?

The XCT analysis showed that increasing slump from S2-class to S4-class reduces porosity
by 40% at 5 seconds of vibration, though this effect diminishes with longer vibration times. At
45 seconds, slump differences no longer impact porosity levels, indicating that the influence of
workability on pores expulsion decreases with extended vibration.

Furthermore, extended compaction time can substantially reduce high entrapped porosity
regions, with up to 60% reduction for the same workability level. Similarly, increasing concrete
workability at a constant compaction time can decrease these high porosity regions by about
40%.

Workability levels also impact segregation sensitivity during compaction. While S2 concrete
shows stable segregation with increased vibration, S3 and S4 concretes are more sensitive. S3
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experiences doubled segregation with a 28% porosity decrease from 5 to 20s, and 70% more
segregation with a further 28% porosity reduction from 20 to 45 seconds. S4 shows even higher
sensitivity, with segregation more than doubling for just an 8% porosity drop from 5 to 20
seconds and doubling again with a 38% reduction from 20 to 45 seconds. This indicates that
more workable concretes are increasingly prone to segregation during compaction.

Our XCT analysis also revealed that compacted concrete contains areas of concentrated en-
trapped pores. Regions with high entrapped porosity, reaching up to 5% entrapped air content,
were observed within cores at various heights in the concrete specimen. These findings high-
light the complex relationship between compaction time, concrete workability, and entrapped
porosity, further supporting the need for carefully balancing these factors to optimize concrete
compaction quality.

The fifth and final research question is:

RQ5: How to improve compaction quality control?

This research indicates that improving compaction quality control requires a dual approach,
considering both the potential for segregation and the amount of remaining entrapped pores.
Our studies have shown that these factors can occur simultaneously during compaction, with
segregation potentially happening before sufficient entrapped air is expelled.

Furthermore, our findings emphasize the importance of real-time monitoring during the
compaction process. Advanced methods, such as the ACIS-technique, should replace tradi-
tional indicators like surface bubble emergence, which our research has proven ineffective.

This approach, combining thorough assessment with innovative monitoring, can lead to
more effective quality control procedures. It allows for striking a balance between adequate
entrapped air expulsion and minimizing segregation, ultimately resulting in higher quality
concrete.

5.2 Future research

This research opens several avenues for future investigation in concrete compaction quality.
Advanced detection techniques present significant opportunities, including refining the ACIS-
based monitoring system to focus on top and bottom layer behaviour with an automated
switching mechanism, implementing deep learning for improved detection of aggregates and
surface bubbles, and developing smartphone applications for instant aggregate percentage
evaluation.

Additionally, field studies in real-world construction scenarios are crucial to understand en-
trapped pore and segregation behaviour outside laboratory conditions. Further refinement of
the proposed segregation indices through additional data collection from various mixtures will
deepen our understanding of their correlations and improve segregation level classifications.

Better understanding of compaction quality factors helps in developing compaction moni-
toring methods and could lead to reduced concrete design safety margins, resulting in eco-
nomic and ecological benefits. Lastly, long-term performance studies examining the impact of
entrapped porosity and segregation levels on concrete durability and performance in various
environmental conditions will provide valuable insights for sustainable construction practices.
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