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Abstract 
Concrete segregation is a significant problem associated with concrete that can affect concrete 
in different phases starting from concrete matrix to compaction. Concrete segregation directly 
affects the compressive strength and different mechanical & physical properties, such as tensile 
strength, elastic properties, shrinkage, creep, & cracking resistance, of the structure, eventually 
decreasing its strength & service life. The researchers are still yet able to find out the methods 
that talk about the stability of a concrete structure w.r.t segregation, but quantification of the 
segregation is an issue still under-studied.  

This study estimates sensitivity to the segregation of different concrete samples with slump 
classes ranging from S2, S3, S4, to S5. During the study, a total of 9 concrete mixes, compacted 
at 25-seconds & 50-seconds, were used in 3 different series such as variable Superplasticizer 
(SP), water-to-cement ratio (w/c), & Air-entraining agent (AEA), respectively. The preliminary 
estimation of the segregation sensitivity of concrete samples was done via Individual Discs 
Density comparison & Visual Inspection of vertical cut sections. Moreover, the Air porosity 
was calculated using the Pressure Saturation (PS) test & Suction porosities were obtained 
through Capillary Suction (CS) testing method. The ratio difference in the air-to-suction 
porosity provides us with Air segregation of the testing samples. Furthermore, the difference in 
the percentage share of cement paste & aggregate in the top, middle, & bottom discs help us to 
estimate cement paste segregation & aggregate segregation, respectively. The researchers have 
been combining different methods to calculate the cement paste, aggregate & air segregation of 
the concrete sample but the Pressure saturation & Capillary suction tests enable us to estimate 
all three types simultaneously. 

The statistical analysis of the results of the slump classes used during the thesis work shows that 
the concrete samples with the S2 slump class are less sensitive to all types of segregation, 
whereas S4, & S5 are more sensitive to segregation. However, the S3 slump class concrete 
shows a dual behavior. It depicts a higher sensitivity to segregation if prepared with a higher 
Superplasticizer (SP) or Air-entraining agent (AEA) at a higher compaction time, but it is less 
sensitive to segregation if prepared with zero AEA or higher w/c ratio. 

Keywords  Segregation, Segregation sensitivity, Capillary Suction, Pressure Saturation, 
Cement paste segregation, Aggregate segregation, Air segregation, Normal Vibrated Concrete 
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1. Introduction 
Concrete is a combination of cement, fine & coarse aggregates (CA), water, and mineral 

admixtures. In which aggregates work as a filler and cement as a binding material. Concrete is 
the widely used construction material to construct buildings, dams, & bridges etc. To date, no 
other material can replace concrete in terms of economy, availability, and ease of application. 
A good concrete mixture has adequate workability to fill the formwork while remaining stable 
without excessive bleeding and segregation. (Kovler & Roussel, 2011; Xu & Li, 2021) One of 
the most prominent and understudied problems of concrete is segregation. Segregation is 
referred to as the separation of the material of fresh concrete. It can be the settlement of heavier 
aggregates at the bottom of the mix, the separation of mortar, or the water coming at the top. 
Also, concrete has a natural tendency to segregate under gravity. (Esmaeilkhanian, Khayat, et 
al., 2014) 

Different concretes segregates with different intensities, such as Normal vibrated concrete 
(NVC), Light-weight concrete, and Self-consolidating concrete (SCC) etc., but a high level of 
segregation is harmful to the concrete structure affects its compressive strength and other 
mechanical and physical properties, such as tensile strength, elastic properties, shrinkage, 
creep, & cracking resistance etc. (Kovler & Roussel, 2011)  

Segregation can occur in any phase, including concrete mixing, transporting, pouring and initial 
setting of concrete. Suppose segregation happens to be there in the concrete sample. In that 
case, it causes its constituents' uneven internal structure, leading to poor performance in terms 
of structural appearance and strength. The stability of concrete depends on the rheology of the 
mortar, uniform distribution of the aggregates, particle sizes, & workability. (Cui et al., 2022) 
The researchers have been developing various dynamic and static test methods for better 
estimating and improving segregation within the concrete mix. The structure repair and 
maintenance costs effort, money, and time altogether, so it is essential to tackle segregation for 
the strength and overall serviceability of the structure. (Tenza-Abril et al., 2020) 

1.1. Problem statement  

Segregation is an important phenomenon associated with the concrete that can’t be ignored 
because without the segregation sensitivity known of a concrete structure, no preventive 
measures or remedies can be taken so that the structure serves its purpose of construction. The 
researchers have used different methods to estimate segregation in different concretes. These 
methods include Column Segregation Test, Electrical Conductivity Test, Sieve Segregation 
Resistance Test, Image Analysis of Hardened Concrete etc. The testing methods such as T-box 
test & Penetration test are used for estimation of dynamic segregation of concrete and Image 
processing analysis & Column segregation are used for static segregation of concrete. (Shen et 
al., 2015)  

The different combinations of these methods could provide us with the structure stability 
information and segregation resistance, but quantification of the segregation is still an under-
studied issue. The quantification simplifies as the percentage of segregation within the 
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concrete. (Gökçe & Andiç-Çakır, 2018) The following combination of Capillary Suction (CS) 
& Pressure Saturation (PS) tests were used during the research work to estimate the sensitivity 
of concrete samples to different types of segregation. By using these methods, the sensitivity 
to all types of segregation such as Cement paste segregation, Aggregate segregation, & Air 
segregation can be estimated. Apart from that different comparison methods were used to cross 
verify the results such as Individual disc density comparison & visual inspection of vertical 
section. These comparisons verified the authenticity of the results obtained through different 
analysis techniques. Moreover, the compaction time plays a vital role in the sensitivity of the 
normal vibrated concrete to segregation. So, the sensitivity behavior of different concrete 
samples based on 2 different vibration time were studied during this thesis work.  

1.2. Thesis objectives and methods 

The main objective of this thesis is the estimation of segregation sensitivity of different 
concretes samples prepared by changing the concrete constituents alternatively such as 
Superplasticizer (SP), Water to cement ratio (w/c), Air-entraining agent (AEA), and 
Compaction time. For the concrete mix, only one constituent among the above-mentioned 
factors made variable and the rest were constants. A total of 9 concrete mixes, 3 each for 
variable SP, w/c ratio & AEA respectively were prepared for the thesis work. These 9 mixes 
were further divided into two sets having different vibration times taking the total number of 
samples to 18. The variability of constituents used during the study allowed a wider spectrum 
of analysis. However, the variables in the mix designs were kept as low as possible for uniform 
results. 

The sensitivity to segregation of concrete samples was measured by comparing the individual 
densities of disc samples, & the visual inspection of vertical cut sections. The Air & Suction 
porosities of the samples were obtained through Capillary Suction (CS) & Pressure Saturation 
(PS) tests. The air & suction porosities that were further used to calculate percentage share of 
Cement paste and Aggregates in the top, middle and bottom discs of the casted samples. The 
difference in share percentage of cement paste & aggregate from top to bottom provides us 
with cement paste segregation & aggregate segregation respectively. The air segregation was 
further obtained through the ration difference of air to suction porosities.  

1.3. Scope of the research 

The scope of the research was limited to the hardened concrete samples for the estimation 
of segregation sensitivity having slump classes ranging S2, S3, S4. & S5. The slump classes 
were obtained w.r.t 3 variables used alternatively such as SP, w/c ratio & AEA. Only one 
cement type was used during the experiments named as CEM II B-M (S-LL) 42,5 N. The Air-
content limit used during the research work was ranging between 1 – 9% for all slump classes. 
The fresh concrete sample was filled with 1 layer into the mold. It was compacted with the 
Wacker-Neuson Poker vibrator having Nominal frequency of 50-60 Hz. These compaction 
times used for the thesis work were 25-seconds & 50-seconds respectively.  

With higher compaction time, the concrete sample becomes more sensitive to segregation. The 
purpose of using two different vibration times was to have the broader number of comparisons 
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available among the concrete samples. The other possibilities w.r.t the sensitivity detection to 
segregation for the same concrete samples was the use of Rapid strength gaining cement rather 
than Normal strength gaining cement to compare the difference between the results, if any. The 
calculation of share percentages of cement paste & aggregates in different layers of the concrete 
was important for quantification purposes. But due to limited time it wasn’t possible to take 
this aspect of the study further.  

1.4. Thesis outline 

The remainder of this thesis is divided into 5 chapters. Chapter 2 reviews the literature on 
segregation, its different types, and implications as well as different methods used for the 
estimation of segregation. Chapter 3 discusses the Research Methodology & the Detailed 
Experimental Work that includes material used during the study, concrete matrix, & from 
concrete mixing to detailed testing procedures of Capillary suction & Pressure saturation 
methods used during the thesis work. Chapter 4 describes all the results obtained throughout 
the research work with respect to different preset analysis techniques & Chapter 5 summarizes 
all the analysis work into meaningful conclusion and future recommendations of the thesis 
work.  
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2. Literature review 
To develop an understanding about the segregation and the methods used to estimate and 

eliminate segregation from various concrete mixes, it is important to review the available 
literature on the problem, thoroughly. This chapter provides us with the exact insight. It is 
divided into 2 sections. Section 2.1, and Section 2.2.  

Section 2.1 mainly comprises on the role of segregation. Its subsections are organized as 
follows. The first subsection discusses the types of segregation in general. The second 
subsections, reviews and causes of segregation. The third subsection investigates the possible 
causes of the problem. The fourth and the last subchapter provides us with the available 
preventive measures to reduce segregation. And Section 2.2, presents us with the different 
methods used by the former researchers to estimate the amount of dynamic and static 
segregation. Its subsection includes the description of T-box test, Flow trough test, & Image 
processing method.  

2.1. The role of segregation in concrete 

According to (Navarrete & Lopez, 2016, 2017b; Tenza-Abril et al., 2020) Segregation 
makes concrete vulnerable to cracking, internal voids & honeycombing etc. It affects the 
compressive strength & durability of the structure. Therefore, the concrete to have good 
resistance to segregation is vital. Also, the relatively equivalent distributions of aggregate 
particles in the concrete is important for the overall strength of the structure. (Bui et al., 2002) 
But before trying to reduce or eliminate segregation from the concrete mix, it is important to 
acquaint knowledge about different types of segregation, its causes & effects so that the 
preventive measures can be developed and then implemented while dealing with segregation, 
explained below.  

2.1.1. Types of Segregation 

ACI 238 defines two kinds of segregation within normal concrete, that are dynamic and static 
segregation. The dynamic and static segregation were not always found to occur 
simultaneously and with same intensity. The concrete can be more dynamically segregated 
sometimes and vice versa.  The dynamic segregation happens when the aggregate lags in the 
flowing concrete while being handled, placed, and transported. On the other hand, the static 
segregation happened when the aggregate sinks in concrete at rest. (Navarrete & Lopez, 2017a; 
Shen et al., 2015)  

Furthermore, the static segregation can further be divided into the following categories. Such 
as, coarse aggregate segregation, where the coarser aggregate separates from the whole 
concrete mix. The reasons for coarse aggregate segregation ranging from grading, size, shape, 
or density of the aggregates. As all of the above mentioned factors of the aggregate plays a 
significant role in segregation. (Navarrete & Lopez, 2017a)  

Furthermore, the other category will be the cement paste segregation, where the cement paste 
separates from the whole concrete mix due to either the different proportion of constituents 
used in the cement preparation, or the type of cement used during concrete mix design. The 
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concrete is more prone to segregation if there is a greater difference in specific gravities of 
coarse aggregate and the cement paste or mortar (Chia et al., 2005).  

And the next type will be the water segregation, where the water separates from the whole 
concrete mix because it has the lightest density. This form of segregation is also referred as 
Bleeding (Petrou et al., 2000). The reasons for bleeding can be the mishandling of the concrete 
mix from mixing to compaction Lack of supervision at construction site causes rework and 
affect the construction quality of the project. (Navarrete & Lopez, 2017a) Apart from water 
separation, there are also air bubbles entrapped into the concrete mix during mixing, 
transporting, and casting. During compaction some of these air bubbles escapes from the 
concrete mix and others stays within causing air segregation.  

2.1.2. Causes & Effects of Segregation 

(Petrou et al., 2000; Tenza-Abril et al., 2020) explains that the effects of segregation are 
severe on the concrete, both in dynamic and static state. It decreases the strength and durability, 
eventually decreasing the service life of the structure. And according to  (Shen et al., 2015), 
the segregation causes lower flowability, aggregate blocking, higher drying shrinkage, and 
non-uniform compressive strength. There are several factors that may be responsible for 
segregation, some of them are explained below. 

Firstly, the most important one is the non-uniformity of concrete matrix. The non-uniformity 
can be of various types such as non-uniform proportion of the aggregates used during its 
preparation, disproportion in the shape, size, or density, or the variation in properties of the 
constituents used in the concrete mix etc. It is well accepted by the researchers that the non-
uniformity in particle shape & size are a fundamental contributor in segregation i.e. the greater 
sized particle may have higher weight and specific gravity, hence making it more prone to 
segregation. (Rosato et al., 2002).  

Moreover insufficient, or improper mixing of concrete due to the either human or mechanical 
error also causes non-uniformity in the concrete mix eventually causing segregation. It can be 
due to the less mixing time of the concrete mix or non-uniform mixing due to non-homogeneity 
in shape & size of concrete particles such as cement, fine & coarse aggregates etc. The non-
uniformity within the concrete, weakens the interface and bond between the aggregate and 
cement paste influencing the permeability, durability, and strength. (Tenza-Abril et al., 2020) 
The weaken bond between the particles of a concrete allows water to penetrate through it. 
Permeability further leads to chloride ingress, cracking & spalling in in normal concrete & 
rusting in the reinforced concrete structure. It also makes concrete vulnerable to freeze and 
thaw that directly affects the durability and strength of the structure. 

Handling of concrete is another phenomenon that causes segregation. It includes all the 
processes ranging from transporting to the placing of the concrete on the construction site. If 
the concrete is transported from a farthest part, it is more prone to segregate as it passes the 
initial setting time of the mix. So, having bad transporting and pouring equipment also add up 
to the tendency of concrete to segregate. The handling of concrete problems are mainly 
associated with the unskilled work force. (Navarrete & Lopez, 2017a) 
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The normal vibrated concrete is sensitive to segregation with respect to the vibration or 
compaction time. The optimum compaction time indeed plays an important role to avoid 
segregation and helps the concrete structure to attain its desirable strength. (Petrou et al., 2000) 
According to (Howes et al., 2019), the normal vibrated concrete achieves about 92% of the 
maximum strength with the vibration time ranging between 35-seconds & 60-seconds. For this 
very reason the compaction time chosen for the thesis work was 25-seconds & 50-seconds 
respectively.  

The insufficient compaction within normal vibrated concrete makes the distribution of particles 
to be non-uniform. Non-uniform distribution can be cause of poor handling of concrete sample 
or gravitational force acting on it. That makes concrete sensitive to aggregate & cement paste 
segregation. Less compaction also affects the overall porosity including air porosity and suction 
porosity of the concrete mix, leaving more air bubbles into the concrete sample. The good 
compaction process allows the air bubbles to rise to the surface from where they escape from 
the concrete. More air bubbles decreases the overall density of the structure and eventually 
contributes to air segregation. (Tenza-Abril et al., 2020)  

However, the excessive vibration time can also lead to different types of segregation. As per 
(Safawi et al., 2004), the heavier particles have greater tendency to separate than of small-sized 
ones within the concrete so due to higher compaction time, the large-sized concrete particles 
such as coarse aggregates started gathering the vibrator thus causing aggregate & cement paste 
segregation. The higher vibration time leaves less air bubbles within the concrete dur to which 
the optimum strength of the structure is not achieved. The higher vibrations also causing the 
concrete sample to liquify thus increase the chances of water segregation. (Petrou et al., 2000) 

Furthermore, the workability of concrete mix directly affects segregation, as decreasing the 
slump flow decreases the tendency of dynamic segregation (Esmaeilkhanian, Feys, et al., 
2014). The workability has a direct relation with the water to cement ratio. The higher the 
water-cement ratio of mortar was, the more uneven the distribution of aggregate in concrete, 
the greater the possibility of segregation (Cui et al., 2022).  

The implications of segregation are not limited to the concrete constituents only, it also reduces 
the bonding strength between the concrete and reinforcement within the structure. Water can 
seep into the porous and poorly compacted reinforced concrete and affect the reinforcement 
with rust and carbonation as well as susceptible to free and thaw. (Tenza-Abril et al., 2020) 
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2.1.3. Preventive measures for segregation 

The segregation weakens the structure thus it is important to assess the segregation sensitivity 
of the concrete structure so that the preventive measures can be taken to try to eliminate the 
risk of structure failure. These measures can be associated to different phases of the 
construction process and some of them are listed below. 

The first remedy is the use of a good mix design to avoid segregation that also includes the 
optimum w/c ratio. The risk of segregation can be reduced by increasing the angularity and 
volume-to-surface area ratio of coarse aggregate. However, the same sized & rounded shaped 
aggregate particles do not form a good bond with the cement paste. So that the4 aggregate 
chosen for the concrete mix should have a good mix of angular and different aggregates to 
prevent segregation. (Navarrete & Lopez, 2017a; Rosato et al., 2002) There should also be 
smaller density difference between the coarse aggregates and mortar so that the tendency of 
concrete to segregate due to density difference can be eliminated (Chia et al., 2005).  

Dynamic segregation can also be prevented by using the closest concrete mix plant to the 
construction location so that the concrete could be placed as soon as possible before the initial 
setting of concrete starts. Also placing of the concrete should be done with the minimum height 
possible so that the heavier constituents don’t settle at the bottom of the casted sample as the 
larger and heavier aggregates have a higher tendency to segregate. (Ozen & Guler, 2020)  

To prevent segregation, it is important to make sure that the concrete mix sample is properly 
mixed, transported, and placed. Usually, the trucks used for the transportation of the concrete 
mix are well equipped for continuous mixing while transporting to the construction site. If any 
sign of segregation is observed in the concrete mix during mixing and transportation, it should 
be remixed before casting/placing to get homogenous concrete & so that the risks associated 
with segregation are eliminated completely. (Petrou et al., 2000) Remixing on-site is done with 
the transporting trucks. While pouring, it is important to drop the concrete mix from the 
minimum possible height so that the heavier constituents of the concrete don’t settle at the 
bottom due to gravity and the casted concrete is not vulnerable to segregation. Apart from good 
equipment including transporting and mixing trucks, good and tight formwork, the good 
workmanship is also an important factor to consider seriously. (Kovler & Roussel, 2011) 

Compaction of concrete is another sensitive phase of construction with respect to segregation. 
While compaction, the optimum vibration time should be used so that the risks of dispersing 
and cluster of the concrete constituents are minimized. (Howes et al., 2019) The higher 
compaction time may cause the concrete sample to liquify causing cement paste segregation, 
aggregate segregation, & bleeding. And less compaction may cause poor uniformity of 
structure and increasing the chances of air segregation.   
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2.2. Methods used to measure segregation 

There are no definite or exact methods through which the accurate estimation of the 
segregation of concrete can be carried out. The researchers have used different method and 
their combinations to estimate static and dynamic segregation in different types of concretes, 
including Column Segregation, Penetration Test, V-Funnel test, Electrical Conductivity, Sieve 
Segregation Resistance Test, Hardened Visual Stability Index, Image Analysis of Hardened 
Cylinder (Shen et al., 2015). Some of the above-mentioned tests belong to dynamic & some to 
static segregations. Some measuring methods used for segregation are explained below.  

2.2.1. T-box test 

The Tilting box known at T-box test was introduced by (Esmaeilkhanian, Khayat, et al., 2014), 
to estimate the segregation in the Self-consolidating concrete (SCC). The assembly of the 
testing consists of a rectangular box hinged in the middle of the support, having a fixed support 
on the one end to restrain the tilting in one direction and free to tilt in the other direction (shown 
in Figure 1).  

 
Figure 1: T-box test setup (Esmaeilkhanian, Khayat, et al., 2014) 

The procedure of the testing starts from introducing the concrete sample in the middle of the 
T-box and then tilting it 120 cycles at a frequency of 2 seconds per cycle. After 120 cycles, the 
T-box is held horizontally. Then the samples are taken from the tilt up and tilt down sections 
of the box within an approximate area of  0.20 x 0.20 m2 and are washed out over a 4.75 mm 
(No. 4) sieve. The mass of the coarse aggregate retained on the sieve is then determined.  

The volumetric dynamic segregation index (VI) is derived as:  

 𝑉𝐼 (%) =  
𝑉𝑡𝑑 − 𝑉𝑡𝑢

𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝑉𝑡𝑑, 𝑉𝑡𝑢)
∗ 100 (1) 

Where Vtd is the volume of coarse aggregate at tilt down section and Vtu is at tilt up section. 
The VI less than equal to 25% can be considered as a limit for acceptable dynamic segregation 
resistance. (Esmaeilkhanian, Feys, et al., 2014) 
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2.2.2. Flow trough test 

The flow trough test was introduced by (Shen et al., 2015), to estimate the dynamic segregation 
in the Self-consolidating concrete (SCC). Sometimes the dynamic and static segregation 
doesn’t take place at the same time and most of the available testing methods provide 
estimation for static segregation only. The assembly of flow trough testing consists of a 
rectangular box referred as a trough with the dimensions of 0.15 x 0.15 x 1.8 m3, having fixed 
supports at both ends and the trough bed with a 7° inclination angle from one end to the other 
(shown in Figure 2).  

 
Figure 2: Flow trough test for dynamic segregation (Shen et al., 2015) 

The testing procedure starting with filling a cylindrical mold having dimension of 
0.10 x 0.20 m2 by pouring the fresh concrete from the higher end of the trough. After that the 
concrete is poured the same way in the 0.15 x 0.3 m2 cylindrical mold as a priming step. After 
that the trough is straightened up vertically for 30 s to let the priming concrete flow off. The 
trough was then put back into initial inclined position and the concrete in 13.5-liter volumed 
container is poured gradually and continuously on the trough from the higher end. At last, 
another cylindrical mold having 0.10 x 0.20 m2 dimension is poured. 

Then both the cylindrical samples having 0.10 x 0.20 m2 dimensions are taken from the flow 
trough test and are washed out over a 4.75 mm (No. 4) sieve to collect their coarse aggregates. 
Then the mass of the coarse aggregate retained on the sieve is then determined.  

The Dynamic Segregation Index (DSI) & maximum allowance of DSI are derived as:  

𝐷𝑆𝐼 =  
𝐶𝐴1 − 𝐶𝐴2

𝐶𝐴1
 (2) 
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2.2.3. Image processing method 

According to (Cui et al., 2022; Ozen & Guler, 2020), the image processing method is a 
static segregation estimation technique that can be adopted for hardened concrete samples via 
2D cross sectional imaging. Usually, the concrete sample is cut into slices and its top, middle, 
and bottom slice is processed through the method and the estimation of segregation is done. To 
start with the testing method, the first step is to capture the red-green-blue (RGB) images of 
concrete sections with a digital camera, then the second step is to improve the contrast between 
the aggregates and mortar, the RGB image is converted to a greyscale image. And the last step 
is to extract the edge of the aggregate, the greyscale image is further converted into a binary 
image (Shown in Figure 3). 

 
Figure 3: Schematic diagram used for Image processing method (Cui et al., 2022) 

After the imaging, the next step is the binary image processing to identify various aggregates 
in the concrete section. After identification and marking the locations of the aggregates within 
the concrete sample, the geometric parameters of the aggregates, such as the centroid, surface 
area, and approximate roundness, are calculated via convex hull and Delaunay triangulation 
(Cui et al., 2022). 

Finally, the statistical analysis of share of aggregates and concrete paste is being done based 
on quantification and proportion of different aggregates obtained through the image processing. 
Then the percentages of aggregates in the top, middle, and bottom is compared and statistical 
segregation is estimated.  
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3. Methodology & Experimental work 
This chapter provides us with the preview of the methodology and experimental work 

adapted and the possible reason for using the exact methods during the thesis from start to 
finish. It is divided into 8 sections. Section 3.1, mainly comprises on the materials used during 
the study along with their important properties. Section 3.2 explains the concrete matrix used 
for the experimental work. Section 3.3 describes the concrete mixing and problems associated 
with it. Section 3.4 includes the fresh concrete properties calculated during the experimental 
work and its sub-chapters explaining the methods for Slump value, Air content and Fresh 
density check respectively.  

Furthermore, section 3.5 elaborates the concrete casting that includes concrete compaction and 
initial setting time of the concrete samples. Section 3.6 reports the demolding and cutting stage 
in during the experimental work. And finally, Sections 3.7 & 3.8 provides insights about the 
testing procedures used for the statistical analysis including Individual disc density test and 
Capillary suction & Pressure Saturation tests respectively. 

To start with, there were 4 variables used during the experimental work, that are 
Superplasticizer (SP), Air Entraining agent (AEA), water to cement ratio (w/c), & Compaction 
time. Based on the above-mentioned variables, the experimental work was divided into 3 
following series named as SP, W, & AEA respectively. All 3 the Series were further divided 
into 3 cases each with respect to different slump classes. And then a unique sample code was 
assigned to them. Such as the unique sample code SP1-S2, is the sum of series type (SP) with 
case number (1) & slump class (S2), The detail description of 3 experimental series is provided 
in the following Table 1. 

i. In ’Series SP’ of castings, the Superplasticizers (SP) was variable, and the AEA & W/C 
were constant, for 3 cases of concrete samples.  

ii. In ’Series W’ of castings, the Water-to-Cement ratio (W/C) was variable, and the SP & 
W/C were constant, for 3 cases of concrete samples. 

iii. In ’Series AEA’ of castings, the Air Entraining agent (AEA) was variable, and the SP 
& AEA were constant, for 3 cases of concrete samples. 

Table 1:Sample code allocation to the concrete mixes 

Series 
Case 

number 
Slump 
class 

Sample 
code 

Variable 
values (kg) 

Constant 
values (kg) 

Casting 
Reference 

SP 
1 S2 SP1-S2 SP = 0.069 AEA = 0.047 

& 
W/C = 0.4 

US4 & OS4 
2 S3 SP2-S3 SP = 0.100 US1 & OS1 
3 S4 SP3-S4 SP = 0.114 US2 & OS2 

W 
1 S2 W1-S2 W/C = 0.42 AEA = 0.081 

& 
SP = 0.047 

US8 & OS8 
2 S3 W2-S3 W/C = 0.50 US6 & OS6 
3 S5 W3-S5 W/C = 0.52 US7 & OS7 

AEA 
1 S2 AEA1-S2 AEA = 0.000 W/C = 0.4 

& 
SP = 0.1 

US9 & OS9 
2 S3 AEA2-S3 AEA = 0.028 US11 & OS11 
3 S3 AEA3-S3 AEA = 0.053 US10 & OS10 
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The 4th variable, compaction time was further explained as Casting Reference in Table 1 above, 
where for US7, the letter U indicating that the 25-seconds compacted concrete sample, the 
letter S stands for segregation, & the letter 7 was the number of concrete castings. On the 
contrary, for OS7, the letter O indicates the 50-seconds compacted concrete sample & the 
letters S & 7 were same as US7. (Shown in Figure 4) 

 
Figure 4: Concrete samples with 25-seconds & 50-seconds Compaction times respectively 

3.1. Materials 

There were 9 concrete samples used during the study, each mix consisted of Normal set 
Portland Cement, Superplasticizer (SP), Air Entraining Agent (AEA), and fine & coarse 
aggregates, the important details of which are described below. Each batch yielded 47 litres of 
concrete that was used for reporting the fresh concrete properties and the concrete castings, 
further used for CS & PS tests.  

The cement used during the experimental work was Paraisten Oiva-sementti, & the cement 
type was CEM II B-M (S-LL) 42,5 N. It classifies as Normal strength gaining ordinary Portland 
cement having mineral additives of slag & limestone up to 35% with 42.5 MPa compressive 
strength. It is best used for small constructions & is prepared according to SFS-EN 197-1: 2011 
standard. For all 3-testing series and 9 concrete mixes, only one type of cement was consumed. 
The Superplasticizer (SP) & Air Entraining Agent (AEA) used for the experimental work were 
named as MasterGlenium SKY 600 & MasterAir 100 respectively. The manufacturer of both 
SP & AEA is BASF Oy.  

Moreover, the concrete mixes were prepared by using 6 different sized aggregate & 1 filler that 
were available at the Concrete laboratory ranging from R0.1-0.6, R0.5-1.2, R1.0-2.0, R2.0-5.0, 
R5.0-10.0, R8.0-16.0 to filler 96. The Total moisture content (%) of the available aggregates 
was 0% used during the study. The aggregates were kept constant throughout the experimental 
work for all concrete mixes. The w/c ratio used during the research, ranges from 0.40 to 0.52. 
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Based on the variation in w/c ratio, the slump classes range from S2 to S5, for a wider 
comparison of the results within the samples.  

3.2. Concrete matrix 

The concrete matrix is an essential part of the methodology and experimental works. It affects 
the uniformity of the concrete mix, which plays an important part in segregation. For broader 
comparison, it was decided to divide the concrete matrix in such a way that there are a total of 
nine concrete mixes having 18 samples, where the first nine samples were compacted for 25-
seconds & other nine samples for 50-seconds respectively. The concrete matrix of all these 18 
samples were prepared by keeping 1 constituent variable and the other 2 constants among SP, 
W/C ratio, & AEA respectively. The final hierarchy of the concrete matrix of all 18 samples 
can be seen in Figure 5 below.  

 
Figure 5:Concrete matrix of samples casted (18) 
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While preparing the concrete matrix, it should be checked that if it passes the combined 
aggregate (%). One combined aggregate concrete matrix was designed to accompany the 
selected strength classes and maximum aggregate sizes that was used throughout the study
shown in Table 2 & the Grading curve of combined aggregate in Graph 1. Where Graph 1 is 
a visual representation of the percentages shown in the table.

Table 2: Particle size distribution of combined aggregates used in concrete mix

Fraction Portion (%)
Sieve size (mm)

0,125 0,25 0,5 1 2 4 8 16 32 64
filler 96 8 42 81 93 97 98 100 100 100 100 100

R 0,1 - 0,6 12 3 21 76 100 100 100 100 100 100 100
R 0,5 - 1,2 12 0 2 6 70 100 100 100 100 100 100
R 1,0 - 2,0 15 0 1 2 7 79 100 100 100 100 100
R 2,0 - 5,0 15 0 0 1 1 1 47 100 100 100 100
R 5,0 - 10,0 18 0 0 0 0 0 3 82 100 100 100
R 8,0 - 16,0 20 0 0 0 0 0 0 5 99 100 100
Total (%) 100

Combined 
aggregates [%)

4 9 18 29 44 55 78 100 100 100

Max. passing on # 
16 mm

6 14 22,5 38 52 72 100 100 100 100

Min. passing on # 
16 mm

0 4 10 15 22 35 50 70 100 100

Graph 1: Grading curve of Combined aggregate (%)
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3.3. Concrete mixing  

The first stage of the experimental work is to mix the concrete with the designed concrete 
matrix. Concrete mixing was done with concrete mixer in the laboratory with a mixing scheme 
shown in Table 3. The total mixing time for one concrete sample was 3 minutes and 30 seconds. 
There can be multiple unknown factors for non-uniformity of concrete matrix, such as human 
error, moisture content of the constituents, & mixing time variation etc. That’s why the mixing 
scheme shown in the table below was strictly followed so that the uniform concrete can be 
produced, and the results of segregation sensitivity are not compromised because of it.  

Table 3: Mixing scheme of concrete ingredients 

Concrete ingredients Mixing time 
R 2 - 5 

Step-by-step filing up of the 
mixer from top to bottom 

R 5 - 10 
R 8 - 16 
Cement 
R 1 - 2 

R 0,5 - 1,2 
R 0.1 - 0.6 

Filler Dry mixing for 30 sec. 
80% Water Wet mixing for 30 sec. 

AEA & 10 % of the total water Wet mixing for 30 sec. 

3.4. Fresh concrete properties recording 

After the concrete mixing is completed, the next step was to record the fresh properties of 
concrete. If the fresh concrete properties lie within the acceptable ranges chosen for the study, 
then the casting procedure was carried out. Even using the same concrete matrix twice gives 
out different fresh concrete properties, such as slump value and air content. On other times, the 
concrete matrix gives out different results during theoretical calculations & practical 
experiments respectively. Otherwise, the recipe was to be repeated so that the concrete mix 
meet the designated properties suitable enough for comparison and analysis. The description 
of the tests used for recording the fresh properties of concrete are described below.  

3.4.1. The Slump value test (SFS-EN 12350-2) 

The slump value test was performed according to the SFS-EN 12350-2 standard. To start with, 
the slump test cone and table with a sponge are dampen. Then the cone is filled with the 
concrete sample with approximately 3 equal layers and each layer is tamped with the tamping 
rod 25 times before adding another layer. Then the extra concrete mix from the top of the cone 
is removed, and the surface is leveled. After that the slump test table is cleaned from any 
excessive water or concrete on it and the slump cone is raised vertically upwards carefully 
without hindering the concrete mix. After that the slump value is calculated as the slump value 
is the difference in heights of the slump of the sample concrete and the top of the slump cone 
shown in Figure 6.  
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Figure 6: Equipment used & Readings of Slump value tests (SFS-EN 12350-2) 

The study includes the variety (S2, S3, S4 & S5) of slump classes to have wide range of the 
statistical comparisons and analysis to compare within. The description of different slump 
classes is shown in Table 4. 

Table 4: The Slump value classes (SFS-EN 12350-2) 

Slump Class Slump value (mm) 
S1 10 – 40 
S2 50 – 90 
S3 100 – 150 
S4 160 – 210 
S5  220 

 

3.4.2. Air content / Pressure method (SFS-EN 12350-7) 

The Air content / Pressure method that was performed according to SFS-EN12350-7 Standard. 
To start with, the weight of the container is set zero and the inner surface is dampened. Then 
the concrete mix is filled into the container in 3 approximately equal layers & are compacted 
with the vibrating table for the minimum compaction time possible so that all the air entrapped 
may not eloped. After the compaction the excessive concrete is removed & edges of the 
container are cleaned. After that the container is weighted again and set to zero. This weight of 
the container filled with the concrete is further used in fresh density test. 

Furthermore, the cover assembly is placed & clamped on the top of the container. Then the 
valves A & B are opened, and the water is inserted from valve A until it comes out from valve 
B and both the valves are closed. Then the air is pumped into the apparatus with the red pump. 
At the end the ‘Green button’ is pressed and held until the gauge needle stabilizes, and the final 
reading of Air content is recorded as shown in Figure 7. 
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Figure 7: Air content / Pressure method gauge readings (SFS-EN 12350-7) 

3.4.3. Fresh density 

Fresh density of concrete was simply measured by weight over volume of the concrete mix. 
Where the weight of the concrete was measured in kilograms during the Air content / pressure 
method & the volume of the container was known to be 0.008 m3.  

3.5. Concrete casting and compaction 

After the properties of fresh concrete matches the set requirements, then the concrete mix 
was filled into the mold. Figure 8 shows the mold having inner dimensions of (200 x 200 x 
300 mm3). There are 2 samples casted with each mix of concrete. 1st sample having compaction 
time of 25 seconds and 2nd having 50 seconds respectively.  

 
Figure 8: The mold, & Concrete sample (newly casted) within the mold 

The casting is done by filling the mold with the fresh prepared concrete straight after checking 
Air-content limit ranging 0 – 7.5% & Slump classes ranging from S2 – S5. The mold was filled 
and compacted in 1 layer. After the mold was filled, the Wacker-Neuson, Poker vibrator was 
used for the compaction. The Nominal frequency of the Poker vibrator was 50-60 Hz and the 
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Head length of 19.3” approximately 490 mm. The height of the mold used for the sample was 
about 300 mm, so the above-mentioned vibrator served the purpose nicely.  

According to (Safawi et al., 2004), the compaction process reduces the internal friction between 
aggregates and thus makes the density of the concrete mix to be uniform. Also, the heavier 
aggregates are more prone to be affected with the internal vibration and the compaction time 
directly relating to the degree of segregation, so that the compaction time was selected very 
carefully for the thesis work. The compaction time chosen was 25-seconds & 50-seconds 
respectively. The two different times of compaction were selected for the thesis work to have 
better comparison of samples between each other. The newly concrete samples within the 
molds stayed at the laboratory under controlled room temperature approximately 20  2 degree-
Celsius.  

3.6. Demolding and cutting  

It is important to demold the concrete samples after 48 hours but not prior. After demolding 
the concrete samples, the next stage is to cut the concrete samples into 10 number of discs and 
the cutting was done with the cutting machine at the concrete laboratory. To start with, the first 
cut made, was the vertical cut on the outer face of the concrete sample having 25-30 mm disc 
thickness. The sole purpose of this cut is to have a visual inspection of the samples from inside 
to check for the segregation having different compaction/vibration times. However, the 
percentage of segregation can’t be estimated from the process, but the sensitivity of the 
segregation can be assessed.  

Then the remainder concrete sample, sized approximately (200 x 165 x 300 mm3), is cut into 
thin horizontal disc’s of (200 x 165 x 25 mm3). The cutting blade takes away 5mm on each cut 
of the sample. After cutting the samples, the next important thing was to number each concrete 
disc properly so that the results and the analysis could be done effectively. The numbering 
scheme used for this study is shown in Table 5. Where US1-01 is the 1st disc of the sample 
from top and so on.  

Table 5: Disc Numbering for 25 & 50 sec. compaction samples 

Disc number from 
Top 

25 sec. Compacted sample 50 sec. Compacted sample 

01 US1-01 OS1-01 
02 US1-02 OS1-02 
03 US1-03 OS1-03 
04 US1-04 OS1-04 
05 US1-05 OS1-05 
06 US1-06 OS1-06 
07 US1-07 OS1-07 
08 US1-08 OS1-08 
09 US1-09 OS1-09 
10 US1-10 OS1-10 
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3.7. Individual disc density check 

After the 10 number of disc’s were cut from the freshly casted concrete sample. The first 
testing stage was to measure the density of Individual discs so that the comparisons can be 
made between them. The difference in densities from top to bottom help us to identify the 
segregation sensitivity of the concrete sample. It was measured using the SFS-EN 12390-7 – 
“Testing hardened concrete. Part 7: Density of hardened concrete” standard.  

 
Figure 9: Weighing of samples in air & under water 

For the calculation of the individual disc density of hardened concrete the 10-discs of each 
concrete sample having size approximately (200 x 165 x 300 mm3), are weighted in the air first 
and then under water as shown in Figure 9 above. 

3.8. Capillary suction & Pressure saturation tests 

Moreover, the cutting machine was further used to cut the disc size from (200 x 165 x 25 
mm3) to half (approximately 100 x 165 x 25 mm3), after the individual disc density was 
measured. It is solely for the reason of fitting the concrete samples into Pressure Saturation 
testing equipment. So, for constant results, it was decided to apply both CS & PS tests on (100 
x 165 x 25 mm3) sized samples. CS & PS tests were not applied on all samples but only on the 
top, middle, & bottom disc’s known as disc numbers of 1, 5, & 9 in the thesis work so that the 
properties in the top, middle and bottom discs including the amount of cement paste & 
aggregates, Suction & Air porosities are measured that helps us to estimate sensitivity of 
segregation. 

3.8.1. Capillary suction test  

During capillary suction test, all the capillary pores of the hardened concrete sample are 
saturated with water which is referred as suction porosity of the sample. To carry out Capillary 
Suction test, the following steps are followed: 

i. Weigh the samples before starting the test to an accuracy of 0.1 g (Wair). 
ii. Immerse half of the height of the samples into the water reservoir for 48 hours (step i 

& ii, shown in Figure 10). 
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Figure 10: Weighing the test samples in air & samples half immersed in water for Capillary test method 

iii. After 48 hours, add more water into the reservoir so that the samples are fully 
submersed into the water, such as the top surface of the samples should be 10-15 cm 
underneath the surface of water (Figure 11 for reference) for the next 72 hours. 

iv. After 72 hours under water, take the samples out and weigh them in air (Wsat. air) and 
under water (Wsat. water) to an accuracy of 0.1 g. Before weighing the sample in the air, 
carefully wipe out the excessive water onto the surface of the sample using moist 
sponge or non-absorbent cloth.  

 

 
Figure 11: Samples dipped 10-15 cm under water 

Straight after the capillary suction test, the pressure suction test is applied onto the samples. 
Both these tests are carried out at room temperature of 20  2 C. Also, the sample’s in-between 
Capillary Suction to Pressure Saturation tests will always kept under water to achieve best 
results. 
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The formula used to calculate the Suction Porosity (%) after the Capillary Suction test shown 
in Equation 4 below, 

 𝑆𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  
𝑊𝑠𝑎𝑡 − 𝑊𝑑𝑟𝑦

𝑊𝑠𝑎𝑡. 𝑎𝑖𝑟 − 𝑊𝑠𝑎𝑡. 𝑤𝑎𝑡𝑒𝑟
∗ 100 (4) 

 

Where, Wsat is the weight of the concrete sample recorded at the start of the test 
Wdry is the dry weight taken at the end of both CS & PS tests 
(Wsat. air) is the weight of the concrete sample in air after the completion on CS test & 
(Wsat. water) is the weight of the concrete sample under water after the completion on CS test 

3.8.2. Pressure saturation test 

Pressure saturation test is used to measure the air porosity of the hardened concrete samples. 
The air porosity is used to estimate the amount of entrained air in the samples. Simply, the 
concrete samples are placed in the vessels of Pressure saturation apparatus where the vessels 
are pressurized with liquid containing oil, so that the samples are fully submersed into the 
vessels with pressure of 15  1.5 MPa for 24  2 hours (for reference, see Figure 12). There is 
a sequence of steps which are to be followed, to complete pressure saturation test and the steps 
are explained with the help of Figure 13 below: 

i. At the start, there should be zero pressure in the Pressure indicator (9) & Liquid pressure 
releasing valve (2) is open 

ii. Place the samples into the Pressure vessels (for reference, see Figure 12) and fill it with 
water containing oil 

 
Figure 12: Samples placed in Pressure saturation vessel without & with liquid containing oil 

iii. Place the vessel covers on the top and start with screwing the opposite hexagonal bolts 
onto the vessel cover with the torque wrench 

iv. Connect Extra liquid hosepipes to the Extra liquid container 
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v. Close the Liquid pressure releasing valve (2) & open Ball valves (3, 4, 5) and Vessel 
valves (6, 7, 8) depending on which pressure vessel being used 

vi. Open Air pressure valve (1) slowly and the Pressure vessels will be filled with water 
vii. Close Air pressure valve (1) & shake the Pressure vessels gently to remove extra air 

from the container  
viii. Close the Vessel valves (6, 7, 8) and open, Air pressure valve (1) again to start the test 

until the Pressure indicator (9) shows 15 Mpa  
ix. After 24 hours, close Air pressure valve (1) to stop the test 
x. Open Liquid pressure releasing valve (2) gently until Pressure indicator (9) shows zero 

reading 

xi. Close open Ball valves (3, 4, 5), open Vessel valves (6, 7, 8), & unscrew the hexagonal 
bolts 

xii. Remove the water, take the concrete samples out, remove the excess water from the 
surface and weight them (Wpr) 

 
Figure 13: Schemic diagram of Pressure Saturation test 

Then the samples are placed in the oven for next 72 hours at temperature of 105  5 C and 
then weighted (Wdry) immediately after they cooled up.  

The formula used to calculate the Air porosity (%) after the Pressure Saturation test shown in 
Equation 5 below, 

 𝐴𝑖𝑟 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  
𝑊𝑝𝑟 − 𝑊𝑠𝑎𝑡

𝑊𝑠𝑎𝑡. 𝑎𝑖𝑟 − 𝑊𝑠𝑎𝑡. 𝑤𝑎𝑡𝑒𝑟
∗ 100 (5) 

 
Where, Wpr is the weight of the concrete sample recorded after the PS test  
Wsat is the weight of the concrete sample recorded at the start of the test  
(Wsat. air) is the weight of the concrete sample in air in between the CS & PS tests & 
(Wsat. water) is the weight of the concrete sample under water in between the CS & PS tests 
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And the Total Porosity is calculated as shown in Equation 6 below, 

 𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  𝑆𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 + 𝐴𝑖𝑟 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (6) 

Furthermore, with the help of Suction and Air porosities the percentage share of Cement paste 
& Aggregates in the top, middle and bottom discs was calculated to estimate the segregation 
sensitivity of the respective concrete, respectively.   
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4. Results & Analysis 
This chapter includes all the readings taken during the experimental phase & compilation 

of the results based on the readings. It also provides us with all the possible analysis to evaluate 
the sensitivity of concrete to segregation. The results and analysis are further divided into 6 
sections. Section 4.1, contains all the fresh concrete properties. Section 4.2 explains the test 
results & initial analysis based on the individual density of disc samples with respect to 3 
different working series from top to bottom and their comparisons.  

Furthermore, section 4.3 elaborates the test results based 3-disc density of samples at top, 
middle, & bottom with respect to 4 different slump classes being used during the thesis work. 
The section 4.4 provides insights about the percentage share of cement paste and aggregate in 
top, middle, and bottom disc as well as the sensitivity to Cement paste segregation & Aggregate 
segregation respectively. Section 4.5 reports the comparison of Air and Suction porosities of 
the concrete samples that further elaborates their Air segregation sensitivity. Sections 4.6 
describes us with the comparison and analysis of standard deviation v/s air content & standard 
deviation v/s slump value in the concrete samples. And finally, the section 4.7. & 4.8. show us 
the initial segregation inspection and comments with respect to vertical cut sections of the 
concrete samples that verifies the results from other analysis methods & results discussions 
respectively.  

4.1. Fresh concrete measurements 

Before going into the analysis phase, it is important to report all the fresh concrete 
properties obtained during the study. There were 9 concrete samples used during the study, 
each having a pair of castings with one sample was compacted for 25-seconds referred as US 
prefix and the other one for 50-seconds referred as OS prefix in the following Table 6. The 
table also shows the fresh concrete properties including Slump value, Slump class, Air content, 
& Fresh density of all 3 series used during the study. The fresh concrete properties were further 
used for the analysis. 

Table 6: Fresh concrete properties for all concrete mixes   

Series  
Sample 

code 
Variable 

values (kg) 
Constant 

values (kg) 

Slump 
value 
(mm) 

Slump 
class 

Air 
content 

(%) 

Fresh 
Density 
(kg/m3) 

Casting 
Reference 

SP 

SP1-S2 SP = 0.069 AEA = 0.047 
& 

W/C = 0.4 

62 S2 7 2271 US4 & OS4 
SP2-S3 SP = 0.100 130 S3 6 2296 US1 & OS1 

SP3-S4 SP = 0.114 194 S4 6,3 2300 US2 & OS2 

W 
W1-S2 W/C = 0.42 AEA = 0.081 

& 
SP = 0.047 

67 S2 7,1 2254 US8 & OS8 
W2-S3 W/C = 0.50 147 S3 5,4 2275 US6 & OS6 
W3-S5 W/C = 0.52 246 S5 3,8 2312 US7 & OS7 

AEA 
AEA1-S2 AEA = 0.000 W/C = 0.4 

& 
SP = 0.1 

82 S2 1,8 2399 US9 & OS9 
AEA2-S3 AEA = 0.028 98 S3 6,7 2279 US11 & OS11 
AEA3-S3 AEA = 0.053 112 S3 9,2 2208 US10 & OS10 
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4.2. Individual disc density comparison 

After the disc are cut, the first preliminary analysis we do, is the Individual disc density 
comparison. Where the statistical data of the disc densities was used to check with respect to 3 
working series, against the segregation sensitivity of the concrete samples. The following Table 
7 shows the information about the Mean density of all the disc samples, their Density range, & 
Value of standard deviation of densities for Series SP.  

Table 7: Individual disc density comparison (Series SP) 

Series 
Sample 

code 
Variable 

values (kg) 
Constant 

values (kg) 
Compaction 

time 
Mean Density 

(kg/m3) 
Density 
Range 

STD 
value 

SP 

SP1-S2 SP = 0.069 

AEA = 0.047 
& 

W/C = 0.4 

25-seconds 2271 58 16 
50-seconds 2278 86 26 

SP2-S3 SP = 0.100 
25-seconds 2272 103 29 

50-seconds 2275 220 61 

SP3-S4 SP = 0.114 
25-seconds 2293 130 35 
50-seconds 2307 259 74 

 

The following Figure 14, shows that the sample SP1-S2 has the least density range & standard 
deviation values (for reference, see Table 7). So, it can be said that the concrete constituents 
are uniformly distributed. It also shows that compaction time doesn’t affect much to the 
concrete having less slump value. 

For SP2-S3, the density difference from top to bottom disc was a little higher than SP1-S2. The 
densities of 25-seconds compacted sample ranges at 103 with STD value of 29 and of 50-
seconds compacted samples ranges at 220 with STD value of 61. That shows that the concrete 
having S3 slump class tends to segregate more with higher compaction time. And for SP3-S4, 
the disc densities from top to bottom of 25-seconds compacted sample ranges at 130 with STD 
value of 35 and of 50-seconds compacted samples ranges at 259 with STD value of 74. Figure 
8 finally tells us that by increasing the workability of the working concrete using higher amount 
of SP by weight increases the segregation sensitivity of the concrete sample. 
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Figure 14: Individual discs density comparison of the concrete sample (Series SP) 

The following Table 8 shows the information about the Mean density of all the disc samples, 
their Density range, & Value of standard deviation of densities for Series W.  

Table 8:Individual disc density comparison (Series W) 

Series 
Sample 

code 
Variable 

values (kg) 
Constant 

values (kg) 
Compaction 

time 
Mean Density 

(kg/m3) 
Density 
Range 

STD 
value 

W 

W1-S2 W/C = 0.42 

AEA = 0.081 
& 

SP = 0.047 

25-seconds 2260 42 11 
50-seconds 2258 99 29 

W2-S3 W/C = 0.50 
25-seconds 2260 76 20 
50-seconds 2266 102 28 

W3-S5 W/C = 0.52 
25-seconds 2307 330 92 
50-seconds 2326 400 113 
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In Figure 15, the samples W1-S2 & W2-S3 both shows very less variation in the disc density 
values from top to bottom of the concrete sample. The density of both the cases ranges within 
100 and the STD value is small as well, see Table 8 above for reference. There is also not a big 
difference in the densities of 25-seconds and of 50-seconds compacted samples for the 
respective cases.  

However, for W3-S5, as it is the only S5 slump class concrete that is a part of this thesis work. 
The disc densities for both 25-seconds and of 50-seconds compacted samples ranges 330 & 
400 with the highest STD value recorded during the study, that is about 100 for both 
compaction times used. That shows that the S5 slump class concrete has the highest segregation 
sensitivity from top to bottom. Summarizing the information provided in Figure 15 tells us that 
the concrete sample is more sensitive to segregation if it has a higher fluidity and slump value 
especially achieved from the higher w/c ratio. 

 
Figure 15: Individual discs density comparison of the concrete sample (Series W) 
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The following Table 9 shows the information about the Mean density of all the disc samples, 
their Density range, & Value of standard deviation of densities for Series AEA.  

Table 9: Individual disc density comparison (Series AEA) 

Series Sample 
code 

Variable 
values (kg) 

Constant 
values (kg) 

Compaction 
time 

Mean Density 
(kg/m3) 

Density 
Range 

STD 
value 

AEA 

AEA1-S2 AEA = 0.000 

W/C = 0.4 
& 

SP = 0.1 

25-seconds 2392 69 20 
50-seconds 2400 59 17 

AEA2-S3 AEA = 0.028 
25-seconds 2271 66 20 
50-seconds 2279 125 36 

AEA3-S3 AEA = 0.053 
25-seconds 2215 132 39 
50-seconds 2224 255 74 

From the Table 9 & Figure 16, samples AEA1-S2 & AEA2-S3 showing less variation in the 
disc density values from top to bottom. The standard variation values in the disc densities for 
both cases is less than 35 too that proves these concrete samples are less prone to segregation. 
However, AEA3-S3, shows higher variation in the disc density values from top to bottom 
comparing to the other concrete samples within the series. The disc densities from top to bottom 
of 25-seconds compacted sample ranges at 132 with STD value of 39 and of 50-seconds 
compacted samples ranges at 255 with STD value of 74. So, the results shows that S3 slump 
value with higher compaction time is the more sensitive to segregation. The following figure 
also indicates that by increasing the AEA value, it makes the concrete sample light weight & 
more vulnerable to segregation. 
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Figure 16: Individual discs density comparison of the concrete sample (Series AEA)  
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4.3. 3-disc density comparison of individual slump classes 

3-disc density comparison is the comparison of densities of the concrete sample with 
respect to the slump classes used during the study. It is another analysis method used to estimate 
the sensitivity of concrete to segregation. To carry the work forward, the following Table 10 
has the information of the concrete samples having S2 slump class. It contains the density 
values of top, middle, & bottom discs of the concrete sample known as no. 1, 5, & 9 in the 
research work for both 25-seconds & 50-seconds compaction concrete samples as well as the 
fresh densities of the same concrete samples.  

Table 10: 3-disc density comparison of S2 slump class 

Sample 
code 

Variable 
values 
(kg) 

Constant 
values 
(kg) 

Fresh 
Density 
(kg/m3) 

Air 
content 

(%) 

Disc 
# 

25-sec 
sample 

Disc 
Density 
(kg/m3) 

50-sec 
sample 

Disc 
Density 
(kg/m3) 

SP1-S2 SP = 0.069  

AEA = 0.047 
& 

W/C = 0.4 
2271 7 

1 
US4 

2229 
OS4 

2212 
5 2279 2280 
9 2273 2298 

W1-S2 W/C = 0.42 
AEA = 0.081 

& 
SP = 0.047 

2254 7,1 
1 

US8 
2238 

OS8 
2184 

5 2267 2273 
9 2253 2271 

AEA1-S2 AEA = 0.00 
W/C = 0.4 

& 
SP = 0.1 

2399 1,8 
1 

US9 
2341 

OS9 
2354 

5 2401 2408 
9 2402 2403 
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The following Figure 17 indicates that all 3 concrete samples having S2 slump classes shows 
very less variation in the disc density values in top, middle, & bottom discs, and it can be said 
that the concrete constituents are well-organized & uniformly distributed throughout. The 
figure also shows that compaction time used during the study doesn’t affect much to S2 slump 
class concrete. The only difference in the S2 concrete samples within is AEA1-S2 that was 
prepared with zero percent of AEA, so it has a higher fresh density with respect to other 2 
samples. 

 
Figure 17: 3-disc density comparison of S2 slump class  
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Moreover, the following Table 11 contains the information of the concrete samples having S3 
slump class. It also contains the density values of top, middle, & bottom discs of the concrete 
sample both compacted concrete samples. As well as the fresh density & air content of the 
same concretes. 

Table 11: 3-disc density comparison of S3 slump class 

Sample 
code 

Variable 
values 
(kg) 

Constant 
values 
(kg) 

Fresh 
Density 
(kg/m3) 

Air 
content 

(%) 

Disc 
# 

25-sec 
sample 

3-disc 
Density 
(kg/m3) 

50-sec 
sample 

3-disc 
Density 
(kg/m3) 

SP2-S3 SP = 0.100 
AEA = 0.047 

& 
W/C = 0.4 

2300 6 
1 

US1 
2193 

OS1 
2111 

5 2294 2324 
9 2268 2273 

W2-S3 W/C = 0.50 
AEA = 0.081 

& 
SP = 0.047 

2275 5,4 
1 

US6 
2205 

OS6 
2191 

5 2262 2285 
9 2261 2255 

AEA2-S3 AEA = 0.028 
W/C = 0.4 

& 
SP = 0.1 

2279 6,7 
1 

US11 
2223 

OS11 
2193 

5 2278 2285 
9 2277 2318 

AEA3-S3 AEA = 0.053 
W/C = 0.4 

& 
SP = 0.1 

2208 9,2 
1 

US10 
2126 

OS10 
2037 

5 2236 2284 
9 2232 2214 

 

The following Figure 18 showcases 4 concrete samples having S3 slump class. Where 2 
samples, W2-S3 & AEA2-S3 shown less sensitivity & the other 2, SP2-S3 & AEA3-S3 have 
depicted more sensitivity to segregation.  

W2-S3 & AEA2-S3 are the concrete samples prepared with 0.5 water to cement ratio, & with 
0.028 kg of Air entraining agent, respectively. The density difference in both concrete samples 
shows less variation in the disc density values in top, middle, & bottom discs. There is also not 
a big difference in the densities of 25-seconds and of 50-seconds compacted samples for the 
respective cases. That proves that these samples are less prone to segregation.  

On the other hand, SP2-S3 & AEA3-S3 are the concrete samples prepared with the higher 
superplasticizer value, & with the highest value of Air entraining agent used during the study, 
respectively. The sample SP2-S3 has a greater density difference in the top disc comparing to 
the middle and the bottom discs. Also, its 50-seconds compacted sample has a greater 
difference of density at the top rather than the 25-seconds compacted sample. That shows this 
concrete sample has sensitive to the problem of segregation.  

Similarly, the sample AEA3-S3 also shows higher variation in the disc density values from top 
to bottom comparing to the prior cases. The disc densities of both the 25-seconds & 50-seconds 
compacted samples also varies in this case. That proves the S3 slump class concrete prepared 
with higher AEA content by weight is the more sensitive to segregation. 
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Figure 18: 3-disc density comparison of S3 slump class 
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The following Table 12 contains the information of the concrete samples having S4, & S5 
slump classes. It also contains the fresh density, air content, and the density values of top, 
middle, & bottom discs of the concrete sample both compacted concrete samples.  

Table 12: 3-disc density comparison of S4, & S5 slump classes 

Sample 
code 

Variable 
values 
(kg) 

Constant 
values 
(kg) 

Fresh 
Density 
(kg/m3) 

Air 
content 

(%) 

Disc 
# 

25-sec 
sample 

3-disc 
Density 
(kg/m3) 

50-sec 
sample 

3-disc 
Density 
(kg/m3) 

SP2-S4 SP = 0.114 
AEA = 0.047 

& 
W/C = 0.4 

2296 6,3 
1 

US2 
2217 

OS2 
2121 

5 2284 2330 
9 2328 2372 

W3-S5 W/C = 0.52 
AEA = 0.081 

& 
SP = 0.047 

2312 3,8 
1 

US7 
2064 

OS7 
2033 

5 2337 2356 
9 2356 2397 

The Figure 19 indicates that the S4 slump class concrete sample named as SP2-S4, was 
supposed to be more sensitive to segregation and the results show nothing different. It also 
shows that the higher compaction time sample is also more prone to segregation for S4 
concretes. 

 
Figure 19: 3-disc density comparison of S4 slump class 
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&W3-S5 is the only S5 slump class concrete used during the study. It was supposed to be the 
most sensitive concrete to segregation in this thesis work and the results shows the same. As 
the following Figure 20 indicates that the concrete has highest density difference from top to 
bottom. Both of its 25-seconds and of 50-seconds compacted samples also having almost the 
same densities in top, middle, & bottom discs. That depicts that although compaction plays an 
important role in segregation sensitivity, but it doesn’t bother the product of density of both 
25-seconds and of 50-seconds compacted samples. 

 
Figure 20: 3-disc density comparison of S5 slump class 

Summing it up, Figures 17, 18, 19, & 20 indicates that the S2 slump class don’t observe 
segregation, & S3 shows a unique behavior, with some samples depicts less sensitivity to 
segregation but in some cases, S3 clump class concrete with higher compaction time tends to 
segregation. However, the S4, & S5 slump classes are more sensitive to segregation.   
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4.4. Share of Cement paste & Aggregates in top, middle, and bottom discs 

The most important testing result and analysis of segregation sensitivity during this study 
were obtained through Capillary Suction & Pressure Saturation testing methods respectively. 
These methods of analysis can only be used for hardened concrete samples. Where Capillary 
Suction provides us the suction porosity & Pressure Saturation test calculates the air porosity 
of the concrete mixture. Percentage share of Cement paste & Aggregate in top, middle, & 
bottom disc gives out the Cement paste & Aggregation segregation in the concrete samples 
respectively. Hence providing the overall sensitivity of concrete to segregation. The following 
Table 13 & Graph 2 shows Reference table for the calculation of share of cement paste in top, 
middle and bottom discs. For the calculation purposes, w/c ratio of 0.4 and degree of hydration 
of 70% was used. 

Table 13: Reference table for the calculation of Share of cement paste in top, middle and bottom discs 

Porosity of cement paste 

Degree of 
hydration 

Water-cement ratio 
0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65 0,7 

0 % 48,2 % 52,1 % 55,4 % 58,3 % 60,8 % 63,1 % 65,1 % 66,9 % 68,5 % 
10 % 45,5 % 49,5 % 53,0 % 56,1 % 58,7 % 61,1 % 63,2 % 65,1 % 66,8 % 
20 % 42,7 % 47,0 % 50,6 % 53,8 % 56,6 % 59,1 % 61,3 % 63,3 % 65,1 % 
30 % 39,9 % 44,4 % 48,3 % 51,6 % 54,5 % 57,2 % 59,5 % 61,6 % 63,4 % 
40 % 37,2 % 41,8 % 45,9 % 49,4 % 52,5 % 55,2 % 57,6 % 59,8 % 61,8 % 
50 % 34,4 % 39,3 % 43,5 % 47,2 % 50,4 % 53,2 % 55,7 % 58,0 % 60,1 % 
60 % 31,6 % 36,7 % 41,1 % 44,9 % 48,3 % 51,2 % 53,9 % 56,3 % 58,4 % 
70 % 28,9 % 34,2 % 38,7 % 42,7 % 46,2 % 49,3 % 52,0 % 54,5 % 56,7 % 
80 % 26,1 % 31,6 % 36,3 % 40,5 % 44,1 % 47,3 % 50,2 % 52,7 % 55,0 % 
90 %  29,0 % 34,0 % 38,2 % 42,0 % 45,3 % 48,3 % 50,9 % 53,3 % 

100 %   31,6 % 36,0 % 39,9 % 43,3 % 46,4 % 49,2 % 51,7 % 
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Graph 2: Reference graph for the calculation of Share of cement paste in top, middle and bottom discs

The difference in the percentage share of cement paste & aggregates in the concrete sample
indicates their non-uniform distribution known as cement paste segregation & aggregate 
segregation respectively. The percentage of cement paste & aggregates in the concrete samples
were calculated through Equation 13, & 14 respectively.

𝐶𝑒𝑚𝑒𝑛𝑡 𝑝𝑎𝑠𝑡𝑒 (%) =
𝑃𝑜𝑟𝑜𝑠𝑖𝑡 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑎𝑠𝑡𝑒 (%) 𝑎𝑡 0.4 𝑤

𝑐⁄ 𝑟𝑎𝑡𝑖𝑜 & 70% 𝐷𝑜𝐻

𝐴𝑐𝑡𝑢𝑎𝑙 𝑆𝑢𝑐𝑡𝑖𝑜𝑛 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%)
(13)

𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒𝑠 (%) = 100 − 𝐴𝑖𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) − 𝐶𝑒𝑚𝑒𝑛𝑡 𝑝𝑎𝑠𝑡𝑒 (%) (14)

Furthermore, the results of percentage share of Cement paste and Aggregate in top, middle, & 
bottom of the concrete samples for Series SP are shown in the following Table 14.

Table 14: Percentage share of Cement paste and Aggregate (Series SP)

Sample 
code

Disc
#

Cement 
paste 

Porosity

25-sec
sample

Suction 
Porosity 

(%)

Cement 
paste 
(%)

Aggre
gate 
(%)

50-sec 
sample

Suction 
Porosity 

(%)

Cement 
paste 
(%)

Aggre
gate 
(%)

SP1-S2
1 38.7%

US4
14,8% 38,1% 54,9%

OS4
16,0% 41,3% 51,7%

5 38.7% 14,2% 36,8% 56,2% 14,7% 38,1% 54,9%
9 38.7% 14,0% 36,2% 56,8% 13,3% 34,3% 58,7%

SP2-S3
1 38.7%

US1
14,9% 38,5% 55,5%

OS1
18,2% 47,1% 46,9%

5 38.7% 13,5% 34,8% 59,2% 12,5% 32,4% 61,6%
9 38.7% 13,1% 33,8% 60,2% 12,8% 33,0% 61,0%

SP3-S4
1 38.7%

US2
14,6% 37,6% 56,1%

OS2
17,3% 44,6% 49,1%

5 38.7% 14,1% 36,3% 57,4% 13,0% 33,5% 60,2%
9 38.7% 12,9% 33,3% 60,4% 11,3% 29,1% 64,6%
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The following Figure 21 shows that the sample SP1-S2 has the least difference in cement paste 
percentage in the top, middle, and bottom disc respectively. And it can be said that the cement 
paste and aggregates are uniformly distributed throughout the concrete sample. From Table 14, 
it shows that the sample contains almost same percentage of aggregates in discs 1, 5, & 9 as 
well. Also, the results show the compaction time doesn’t affect much to S2 slump class 
concrete. 

For sample SP2-S3, the 25-seconds compacted sample have evenly distributed cement paste 
percentage from top to bottom discs. But the 50-seconds compacted sample has a big variation 
in cement paste percentage ranges from 45% at the top and 32% in middle and bottom discs. 
As there is higher percentage of cement paste percentage in the top disc so it contains the lower 
percentage of aggregate that is approximately 47% too comparing to 60% in middle and bottom 
discs shown in Table 14. It is a good example of concrete where the segregation occurs only in 
the top part of the sample. It also indicates that the concrete sample having S3 slump class has 
a higher tendency to segregate with higher compaction time. 

And for sample SP3-S4, it shows the same behavior as sample SP2-S3, where the 25-seconds 
compacted sample having evenly distributed cement paste percentage from top to bottom discs. 
But the 50-seconds compacted sample has a big variation in cement paste percentage ranges 
from 45% at the top and 30% in middle and bottom discs. Also, having higher aggregate 
percentage in the top disc comparing to others. As it was the S4 slump class concrete so it was 
supposed to be more sensitive to segregation and that can be seen from the results. It is a good 
example of concrete where the segregation throughout the sample from top to bottom. It also 
proves that the higher compaction time affects the S4 concrete sample more. Summing up the 
Figure 21, it indicates that increasing the amount of SP increases the workability of the concrete 
mix as well as the sensitivity to segregation.  



39 

 

 
Figure 21: Percentage share of Cement paste & Aggregates in top, middle, & bottom (Series SP) 
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Furthermore, the results for percentage share of Cement paste and Aggregate in top, middle, & 
bottom discs of the concrete samples for Series W are shown in the following Table 15.  

Table 15: Percentage share of Cement paste and Aggregate (Series W) 

Sample 
code 

Disc 
# 

Cement 
paste 

Porosity 

25-sec 
sample 

Suction 
Porosity 

(%) 

Cement 
paste 
(%) 

Aggre
gate 
(%) 

50-sec 
sample 

Suction 
Porosity 

(%) 

Cement 
paste 
(%) 

Aggre
gate 
(%) 

W1-S2 
1 38.7% 

US8 
15,2% 37,7% 55,2% 

OS8 
15,6% 38,7% 54,2% 

5 38.7% 14,4% 35,7% 57,2% 14,3% 35,4% 57,5% 
9 38.7% 14,2% 35,0% 57,9% 13,6% 33,8% 59,1% 

W2-S3 
1 38.7% 

US6 
17,1% 36,9% 57,7% 

OS6 
17,4% 37,7% 56,9% 

5 38.7% 16,6% 36,0% 58,6% 15,8% 34,2% 60,4% 
9 38.7% 16,1% 34,8% 59,8% 16,4% 35,6% 59,0% 

W3-S5 
1 38.7% 

US7 
26,7% 56,3% 39,9% 

OS7 
27,4% 57,7% 38,5% 

5 38.7% 16,6% 34,9% 61,3% 15,8% 33,2% 63,0% 
9 38.7% 12,9% 33,3% 62,9% 14,0% 29,4% 66,8% 

 

The following Figure 22 shows that concrete samples W1-S2 & W2-S3 have negligible amount 
of difference in cement paste & aggregate percentage in disc no. 1, 5, & 9 respectively. From 
Table 15, it also shows us that the aggregates percentage throughout the concrete sample ranges 
from 55% to 60% that’s quite a reciprocal to the percentage of cement paste in both the cases.    
That provide us with the information that the concrete constituents in S2, & S3 slump class 
concrete samples haven’t segregated and are distributed equally within the concrete mix. Also, 
both the cases indicates that compaction time doesn’t affect S2, & S3 concrete samples when 
the workability and fluidity of the concrete depends on the variable water to cement ratio.  

However, for S5 concrete sample named as W3-S5, it shows that it includes the highest 
difference in the percentage of cement paste & aggregate from top to bottom. From Table 16, 
the statistical value of percentage of cement paste was highest in top disc, about 58% & the 
lowest in the bottom disc, around 30% & on the other hand, the value of percentage of 
aggregate was lowest in top disc, about 39% & the highest in the bottom disc, around 69%. 
That proves that concrete sample is non-uniformly distributed. Surprisingly, although there was 
a drastic difference in percentage of cement paste & aggregate from top to bottom, but 
compaction has almost no effect on it. Summing up the Figure 22 shows that the concrete 
sample having higher slump value has the higher tendency to segregation.  
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Figure 22: Percentage share of Cement paste & Aggregates in top, middle, & bottom (Series W) 
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Moreover, the following Table 16 contains the share of Cement paste and Aggregate in top, 
middle, & bottom discs known as 1, 5, & 9 in the study, of the concrete samples for Series 
AEA including cases 1, 2, & 3 respectively. 

Table 16: Percentage share of Cement paste and Aggregate (Series AEA) 

Sample 
code 

Disc 
# 

Cement 
paste 

Porosity 

25-sec 
sample 

Suction 
Porosity 

(%) 

Cement 
paste 
(%) 

Aggre
gate 
(%) 

50-sec 
sample 

Suction 
Porosity 

(%) 

Cement 
paste 
(%) 

Aggre
gate 
(%) 

AEA1-S2 
1 38.7% 

US9 
14,3% 37,0% 61,2% 

OS9 
14,5% 37,5% 60,7% 

5 38.7% 14,5% 37,4% 60,8% 14,1% 36,5% 61,7% 
9 38.7% 13,7% 35,5% 62,7% 13,6% 35,0% 63,2% 

AEA2-S3 
1 38.7% 

US11 
14,2% 36,7% 56,6% 

OS11 
14,6% 37,7% 55,6% 

5 38.7% 14,1% 36,3% 57,0% 14,1% 36,5% 56,8% 
9 38.7% 13,9% 35,9% 57,4% 13,1% 33,8% 59,5% 

AEA3-S3 
1 38.7% 

US10 
14,9% 38,5% 52,3% 

OS10 
44,0% 44,0% 46,8% 

5 38.7% 13,7% 35,3% 55,5% 33,7% 33,7% 57,1% 
9 38.7% 13,2% 34,1% 56,7% 35,2% 35,2% 55,6% 

 

From the following Figure 23 & above Table 16, the concrete samples AEA1-S2 & AEA2-S3 
prepared with zero AEA & 0.028 kg of AEA by weight respectively, both shows very small 
statistical difference in percentages of cement paste & aggregate in the top, middle, and bottom 
disc respectively. The cement paste percentage in both the cases ranges from 34% to 37%, & 
aggregate percentage ranges from 60% to 63% for AEA1-S2 & 55% to 59% for AEA2-S3 
respectively with a total difference of mere 4 percent throughout the concrete sample from top 
to bottom. That value doesn’t qualify for the segregation in concrete. Also, there is not much 
variation in the results of 25-seconds & 50-seconds compacted samples shown from the results. 

However, for AEA3-S3 concrete sample having higher entrained air, the 25-seconds 
compacted sample have evenly distributed cement paste & aggregates percentage from top to 
bottom. But the 50-seconds compacted sample has a bigger variation in cement paste 
percentage ranges from 44% and 33%. As there is higher percentage of cement paste 
percentage in the top disc so it contains the lower percentage of aggregate as well that is about 
46% & 58% shown in Table 16. That proves that the concrete sample having S3 slump class 
has a higher tendency to segregate with higher compaction time w.r.t variable AEA.  
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Figure 23: Percentage share of Cement paste & Aggregates in top, middle, & bottom (Series AEA) 

Finally summarizing, Figures 23 indicates that by increasing the AEA value, decreases the 
density of the concrete mix but it doesn’t have any major effects on the percentage of cement 
paste & aggregates within the concrete mix. It also shows S3 clump class concrete can be 
sensitive to segregation with higher compaction time applied on it. Otherwise, the behavior 
w.r.t variable AEA is normal.   
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4.5. Ratios between Air porosity & Suction porosity 

In this sub-chapter the ratio comparison of Air to Suction porosity is made. As air porosity tells 
us about the entrapped air and suction porosity provides us with the capillary pores within the 
concrete sample. The ratio comparison of Air to Suction porosities helps us track air 
segregation within the concrete samples. Higher ration of Air to Suction porosity means higher 
entrained air within the sample & higher the difference in ratios betwen the discs, indicates the 
higher sensitivity to Air segregation. The following Table 17 contains the Air porosity & 
Suction porosity values of top, middle, & bottom discs for both 25-seconds & 50-seconds 
compaction concrete samples of Series SP.  

Table 17: Ratio between Air & Suction porosities (Series SP) 

Sample 
code Disc # 

25-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

50-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

SP1-S2 
1 

US4 
6,2% 14,8% 0,42 

OS4 
6,7% 16,0% 0,42 

5 5,8% 14,2% 0,41 5,7% 14,7% 0,39 
9 6,8% 14,0% 0,48 5,8% 13,3% 0,44 

SP2-S3 
1 

US1 
8,1% 14,9% 0,54 

OS1 
8,5% 18,2% 0,47 

5 6,4% 13,5% 0,47 5,8% 12,5% 0,46 
9 7,1% 13,1% 0,55 7,3% 12,8% 0,57 

SP3-S4 
1 

US2 
7,4% 14,6% 0,51 

OS2 
8,6% 17,3% 0,50 

5 5,7% 14,1% 0,41 5,1% 13,0% 0,39 
9 5,4% 12,9% 0,42 4,0% 11,3% 0,36 
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The following Figure 24, concrete sample SP1-S2 shows that there more entrained air at the 
bottom having higher of air to suction porosity ratio. Also, the 25-seconds was less compacted 
sample, so the results shows that there is slightly more entrained air present, compared to the 
50-seconds compacted sample. For SP2-S3 concrete sample, the figure indicates that the 50-
seconds compacted sample is more sensitive to segregation cause of the higher difference in 
ration of air to suction porosities. The value ranges from 0.47 to 0.57 shown in Table 17. 

However, for SP3-S4 concrete sample, the result from the below figure shows that there is less 
entrained air at the bottom and more at the top for both compaction time samples. It also holds 
the having the highest ratio difference of air to suction porosities and thus is more sensitive to 
air segregation.  

 
Figure 24: Ratio between Air & Suction porosities (Series SP) 
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In addition to that, the following Table 18 contains the Air porosity & Suction porosity values 
of top, middle, & bottom discs for both 25-seconds & 50-seconds compaction concrete samples 
of Series W. 

Table 18: Ratio between Air & Suction porosities (Series W) 

Sample 
code Disc # 

25-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

50-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

W1-S2 
1 

US8 
6,2% 15,2% 0,41 

OS8 
7,2% 15,6% 0,46 

5 6,2% 14,4% 0,43 6,4% 14,3% 0,45 
9 6,7% 14,2% 0,47 6,4% 13,6% 0,47 

W2-S3 
1 

US6 
5,7% 17,1% 0,33 

OS6 
6,3% 17,4% 0,36 

5 5,1% 16,6% 0,31 5,1% 15,8% 0,32 
9 5,4% 16,1% 0,34 5,2% 16,4% 0,32 

W3-S5 
1 

US7 
5,4% 26,7% 0,20 

OS7 
6,1% 27,4% 0,22 

5 2,8% 16,6% 0,17 2,7% 15,8% 0,17 
9 2,9% 12,9% 0,19 2,1% 14,0% 0,15 
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Figure 25, series W, all 3 concrete sample, indicates that with the increase on slump class from 
S2 to S5, there is a clear drop in the ratios of Air to Suction porosities of the concrete samples 
due to the increase of W/C ratio but there is not much to differentiation w.r.t the compaction 
time within each case. To sum it up, series W shows less sensitive to air segregation due to the 
small differnce in ratios of Air to Suction porosities e.g., for W3-S5 concrete, the ratio 
difference is 0.07, that is negligible.  

 
Figure 25: Ratio between Air & Suction porosities (Series W) 
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Furthermore, the following Table 19 contains the Air porosity & Suction porosity values for 
Series AEA, cases 1, 2, & 3 of top, middle, & bottom discs for both 25-seconds & 50-seconds 
compaction concrete samples. 

Table 19: Ratio between Air & Suction porosities (Series AEA) 

Sample 
code Disc # 

25-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

50-sec 
Vibrated 
sample 

Air 
Porosity 

(%) 

Suction 
Porosity 

(%) 
A/S 

AEA1-S2 
1 

US4 
3,7% 14,3% 0,26 

OS9 
3,0% 14,5% 0,21 

5 2,0% 14,5% 0,14 1,9% 14,1% 0,14 
9 2,1% 13,7% 0,15 2,2% 13,6% 0,16 

AEA2-S3 
1 

US1 
7,5% 14,2% 0,53 

OS11 
8,0% 14,6% 0,55 

5 6,4% 14,1% 0,46 5,6% 14,1% 0,40 
9 6,6% 13,9% 0,47 5,8% 13,1% 0,44 

AEA3-S3 
1 

US2 
9,7% 14,9% 0,65 

OS10 
10,8% 17,0% 0,63 

5 7,6% 13,7% 0,55 6,9% 13,1% 0,53 
9 7,9% 13,2% 0,60 8,3% 13,6% 0,61 
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The following Figure 26, series AEA, the results suggest that the percentage of air entrained is 
increased with the increase in AEA usage within the series as well as the overall ratio of air to 
suction porosities. For sample AEA1-S2, the ratio difference show the value of 0.10 but for 
AEA2-S3 & AEA3-S3, the value increases to 0.15. That shows that the S3 slump class concrete 
with higher is more sensitive to Air segregation. Also, there is less variation in ratio difference 
w.r.t the compaction time of the concrete samples.  

 
Figure 26: Ratio between Air & Suction porosities (Series AEA) 
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4.6. Standard deviation of densities v/s Air content & Slump value 

This comparison tells us the concrete sample’s sensitivity of segregation with respect to 
Air content & Slump value. The following Table 20 contains Air content, Slump value of all 
samples used during the thesis work as well as Standard deviation values for both 25-seconds 
& 50-seconds compacted samples. 

Table 20: Standard deviation of densities v/s Air Content (Series SP, W, & AEA) 

Series 
Sample 

code 

Variable 
values 
(kg) 

Constant 
values 
(kg) 

Air 
content 

(%) 

Slump 
value 
(mm) 

25-sec 
sample 

S.D of 
25-sec 

50-sec  
sample 

S.D of 
50-sec 

SP 
SP1-S2 SP = 0.069 AEA = 0.047 

& 
W/C = 0.4 

7 62 US4 16 OS4 26 
SP3-S4 SP = 0.114 6,3 194 US2 35 OS2 74 
SP2-S3 SP = 0.100 6 130 US1 29 OS1 61 

W 
W1-S2 W/C = 0.42 AEA = 0.081 

& 
SP = 0.047 

7,1 67 US8 11 OS8 29 
W2-S3 W/C = 0.50 5,4 147 US6 20 OS6 28 
W3-S5 W/C = 0.52 3,8 246 US7 92 OS7 113 

AEA 
AEA1-S2 AEA = 0.000 W/C = 0.4 

& 
SP = 0.1 

1,8 82 US9 20 OS9 17 
AEA2-S3 AEA = 0.028 6,7 98 US11 20 OS11 36 
AEA3-S3 AEA = 0.053 9,2 112 US10 39 OS10 74 

Moreover, Figures 27 doesn’t show a clear pattern of proportionality for series SP. Whereas in 
variable SP case, increase in the Air content percentage, at first increases the SD value but 
decreases the other time. The results show a vague/zigzag pattern of SD and Air content. For 
variable w/c ratio case, it shows that by increasing the Air content percentage, the SD value 
decreases. And for series AEA, it shows opposite results from series W, whereby increasing 
the Air content percentage, also increases the SD value. But it is difficult to predict the pattern 
based on only 3 samples each. For accuracy of results, it is required to have more set of 
experiments. 
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Figure 27: Comparison of Standard deviation of disc densities v/s Air content of all 3 series 

The above Table 20 & following Graph 3 provides us with the comparison of Standard 
deviation of disc densities v/s Air content of all 3 series associated with the study. Where the 
results show that with the increase of Air content increases the overall standard deviation value 
of 50-seconds compacted samples. However, the results also are opposite for 25-seconds 
compacted samples as with the increase of Air content, it decreases the overall standard 
deviation value. This proves the claim that the concrete samples with higher compaction time 
are more prone to segregation. 
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Graph 3: Standard deviation v/s Air content

Moreover, the following Graph 4 show us with the comparison of Standard deviation of disc 
densities v/s Slump of all 3 series associated with the study. Where the results indicates that 
with the increase of slump value of the concrete mix, it increases the overall standard deviation 
value of both the 25-seconds & 50-seconds compacted samples. However, the graph indicates 
that the concrete samples with higher compaction time are supposed to have higher standard 
deviation values thus making them more sensitive to segregation.

Graph 4: Standard deviation v/s Slump value
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4.7. Visual inspection of vertical cut section 

It is not a detailed analysis method but can be used an initial inspection & also confirming 
the results obtained from other testing methods, in the pursuit of segregation sensitivity of 
different concrete samples.  

Figure 28 below, shows the visual inspection for segregation of SP1-S2, SP2-S3, & SP3-S4 
concrete samples from left to right respectively. Where, US-4 & OS-4, US-1 & OS-1 samples 
show almost the equal distribution of the concrete constituents throughout the sample. That 
proves the samples SP1-S2 & SP2-S3 are less sensitive to segregation.   

However, in US-2 & OS-2 sample, the US-2 has a cluster of aggregates in the middle & OS-2 
having a portion at the top and in the middle that is free from the aggregates. So, it can be said 
that the SP3-S4 concrete sample is more sensitive to segregation that proves the previous 
discussed results. 

 

 
Figure 28: Visual inspection for segregation of Series SP  
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Similarly, Figure 29 below shows the visual inspection for segregation of W1-S2, W2-S3, & 
W3-S5 concrete samples from left to right respectively. Where US-8 & OS-8, US-6 & OS-6 
samples show almost the equal distribution of the white aggregates in top, middle, and bottom 
of the concrete sample, showing their less sensitivity to segregation. 

However, US-7 & OS-7 sample can be seen segregated easily from the human eye. Where, 
US-7 has a smaller portion at the top part that is free from the aggregates whereas OS-7 has a 
larger portion at the top part of the sample that is free from the aggregates but having more 
cement paste & there is a cluster of coarse aggregates at its bottom. The previous discussed 
results about W3-S5 concrete sample shows nothing different.  

 

 
Figure 29: Visual inspection for segregation of Series W  
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Figure 30 below shows the visual inspection for segregation of AEA1-S2, AEA2-S3, & AEA3-
S3 concrete samples from left to right respectively. Where US-9 & OS-9 sample show very 
less disparity in concrete constituents throughout the sample simply because of having the least 
workability and zero entrained air. The US-11 & OS-11 sample also show equal distribution 
of cement paste & aggregates within the vertical section of the sample.   

However, US-10 & OS-10 sample show the signs of segregation. Where, both the vertical discs 
have a portion at the top that is free from aggregates and there is cluster of coarse aggregates 
in the middle part of the concrete sample. One more important factor that should be considered 
is that the class 3 concrete has the highest amount of AEA by weight in its concrete mix. So 
that means the concrete sample having higher AEA has a higher tendency to segregation which 
is the same information we get from Capillary suction & Pressure saturation tests. That also 
proves the validity of the results.  

 
Figure 30:Visual inspection for segregation of Series AEA  

 



56 

 

4.8. Discussion of results 

The researchers have been combining different methods to calculate the Cement paste, 
Aggregate & Air Segregation of the concrete sample but the Pressure saturation & Capillary 
suction tests provide us with the framework that can estimate all 3 at the same time. The 
following Table 21 contains the results of all 9 concrete samples with respect to their sensitivity 
Cement paste segregation, Aggregate segregation, & Air segregation simultaneously. Whereas 
T value reads as true & F value reads as false, meaning that the sample was sensitive & not 
sensitive to the specific type of segregation respectively. The sample SP1-S2 shows that it was 
not sensitive to cement past & aggregate segregation but was sensitive to air segregation. The 
samples SP2-S3 & SP3-S4 show their sensitivity to all 3-type of segregation.  

Moreover, the concrete samples W1-S2 & W2-S3 doesn’t show any proneness to segregation 
but W3-S5 was sensitive to Cement paste & aggregate segregation. The sample AEA1-S2 
wasn’t sensitive to segregation at all but AEA2-S3 has the tendency to air segregate only & 
AEA3-S3 was sensitive to overall segregation. Summing it up, the S2 slump class concrete 
samples are less sensitive to every kind of segregation where SP1-S2 having air segregation is 
an exception. However, S4 & S5 slump class concrete are prone to segregate more. But S3 
slump class concrete depicts a unique behavior where it segregates in different patterns.  

Table 21: Results table w.r.t the sensitivity of different segregations 

Series  Sample code 
Sensitivity to 

Cement paste Segregation 
Sensitivity to 

Aggregate Segregation 
Sensitivity to 

Air Segregation  

SP 
SP1-S2 F F T 
SP2-S3 T T T 
SP3-S4 T T T 

W 
W1-S2 F F F 
W2-S3 F F F 
W3-S5 T T F 

AEA 
AEA1-S2 F F F 
AEA2-S3 F F T 
AEA3-S3 T T T 

It can be seen from the above table that there is no definite pattern or relationship between 
different types of segregation for all concrete samples. There were concrete samples sensitive 
to Cement paste & Aggregate segregation but not sensitive to Air segregation and vice versa. 
Some samples were not segregating, but some were sensitive to all three mentioned types of 
segregation. Although S4 & S5 slump concrete samples showed more sensitivity to segregation 
with respect to S2 & S3 slump class concretes, more concrete samples of S4 & S5 prepared 
with different mix ratios would help us analyze them better for segregation sensitivity.   
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5. Conclusion & Recommendations 
5.1. Conclusion 

After a careful investigation of the results, the conclusions drawn from the study are stated 
below: 

1. Concerning series SP, the study shows that increasing the workability of the working 
concrete using a higher amount of SP by weight increases the overall segregation 
sensitivity of the concrete sample.  

2. Regarding series W, the results prove that the concrete sample having higher slump 
value & fluidity achieved through a higher w/c ratio has a higher tendency to cement 
paste & aggregate segregation.  

3. Series AEA indicates that increasing the AEA value makes the concrete sample 
lightweight & more vulnerable to air segregation.   

4. It is proven from the results that the S2 slump class concrete sample is less sensitive to 
any segregation & the S4, & S5 slump class concrete samples are more sensitive to 
overall segregation. However, the S3 slump class concrete shows a unique behavior, 
where 2 out of the 4 S3 slump class samples tend to segregate, but the others do not. 
The study shows that the S3 slump class concretes prepared with higher AEA & higher 
SP value is more sensitive to segregation, but the samples prepared with higher w/c 
ratio & zero AEA do not.  

5. The results also indicate that with the increase of slump value of the concrete mix, the 
overall standard deviation value of the densities also increases, which makes the 
concrete samples more vulnerable to segregation.  

6. The study also depicts that the higher compaction time does not affect the S2 slump 
class concrete sample. However, the S3, S4 & S5 slump-class concrete samples are 
susceptible to higher compaction time.   
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5.2. Future Recommendations 

The future recommendations that can be used to take the study of segregation forward, 
where the results of this study could serve as a benchmark, are listed below: 

1) Using different cement, such as the use of Rapid strength gaining cement rather than 
Normal strength gaining cement, with the same testing method may provide us with the 
opportunity to understand segregation sensitivity on a broader scale better.  

2) Changing the coarse aggregate shape from crushed to rounded aggregate while keeping 
the maximum size of aggregate and grading type constant can be another method used 
for the broader analysis of the sensitivity of segregation.  

3) Using the large-sized or variable-sized CA in the research is another way of checking 
the sensitivity to segregation. The sensitivity can also be assessed concerning the 
heavier CA, as heavier CA are prone to be affected more during compaction.  

4) A more experimental study is required to predict the relationship between Standard 
deviation value & Air content. Due to the limited number of experimental concrete 
samples & time during the thesis work, the relationship was not formed.  

5) The use of higher compaction times is also necessary for a better understanding of the 
segregation sensitivity of concrete. There were multiple instances during the study 
where the compaction time did not affect the concrete sensitivity to segregation. So, 
using higher compaction time will either provide proof that compaction time does not 
affect certain aspects or that further analysis will help us quantify segregation within 
the concrete mix.  
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