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INTRODUCTION
Segregation is the separation of the con-
stituents of a fresh concrete or mortar. 
When segregation occurs in concrete, there 
is a concentration of coarse aggregates 
in some areas and fine aggregates in oth-
ers. Segregation results in non-uniform 
concrete with non-uniform distributions 
of engineering properties like strength, 
stiffness and time-dependent deformation 
with respect to substandard durability 
and structural performance (Panesar & 
Shindman 2012), which are likely to con-
tribute to higher maintenance costs and/or 
a shorter life expectancy.

Segregation may occur due to a con-
crete’s mix or its handling. For example, 
water quantity is known to influence the 
separation between mortar and aggregate 
(Li & Kwan 2013). To counter this risk of 
impacting long-term concrete strength, 
water-reducing admixtures are often 
used to minimise the quantity of mixing 
water required to produce concrete of a 
certain workability. Unfortunately these 
admixtures (plasticisers and fluidis-
ers, among others) may cause excessive 
bleeding or segregation (Uysal et al 2012; 
Hattori 1979). The problem occurs in 
regular concretes and those with highly 
cohesive concrete mixtures (Ghafoori & 
Diawara 2010; Job & Harilal 2014), such 

as those containing limestone filler. The 
problem is also a common risk in self-
consolidating concrete (SCC) (Khayat & 
Guizani 1997; Bauchkar & Chore 2014; 
Vakhshouri & Nejadi 2016).

Limestone filler is frequently used in 
SCC technology as a means to minimise 
segregation (Grzeszczyk & Podkowa 
2004). The air content influences con-
crete bleeding, as well as segregation. 
Larger volumes of air decrease viscosity 
and influence the volume of paste avail-
able to improve the flow (Beaupre 1994; 
Benaicha et al 2015). Furthermore, SCC, 
which has gained worldwide popular-
ity since its first introduction in 1990 
(Okamura & Ouchi 2003), is character-
ised by its ability to spread in place under 
its own weight without the need of exter-
nally applied compaction energy. The idea 
is that SCC is inherently better able to 
achieve reinforcement bar coverage and 
reduce honeycombing without the risk 
of vibrator-induced segregation. Thus, 
SCC can significantly improve the long-
term performance of in-situ concrete [as 
extensively discussed elsewhere, e.g. Xie 
et al (2002)]. With SCC, the segregation 
risk stems from its generally high fluidity; 
typically, an SCC mix has a water-cement 
ratio of about 0.4. The segregation gener-
ally occurs during placement (Khayat & 
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Feys 2010), and the resulting heterogene-
ities may compromise strength, deforma-
tion, and durability in those areas.

Segregation tests are usually performed 
on samples of fresh concrete or at the 
beginning of hardening (Okamura & 
Ouchi 2003; Shindoh & Matsuoka 2003; 
Rakesh 2015). A current test for this is the 
sieve stability test, which measures the 
portion of the fresh SCC sample passing 
through a 5 mm sieve. If the SCC has a 
poor resistance to segregation, it can eas-
ily pass through the sieve. Therefore, the 
sieved portion indicates the SCC stability 
 – likelihood to segregate (De Schutter 
2005). Another segregation test widely 
used with SCC is the column stability test 
(ASTM International 2017), in which the 
difference between the percentages by 
weight of coarse aggregate in the bottom 
and top sections are considered (Ambroise 
et al 1999; Rols et al 1999). In contrast, the 
column stability test involves the analysis 
of samples from the top and bottom parts 
of the column, to determine the propor-
tion of the coarse aggregate (Cussigh et al 
2003). This apparatus has been employed 
for over 35 years (Sidky et al 1981), evalu-
ated in several European countries, and 
considered sufficiently sensitive to the 
variations of SCC design for widespread 
adoption. Finally, the penetration test, in 
which a cylinder of pre-specified dimen-
sions is allowed to penetrate a fresh 
SCC sample, is another commonly used 
method. The penetration depth indicates 
a SCC’s stability level (De Schutter 2005). 
These tests allow estimating concrete seg-
regation in the material’s fresh state.

There are also non-destructive testing 
(NDT) approaches for hardened concrete 
(e.g. Kumavat et al 2014; Mesbah et al 
2011; Silva & Brito 2013). Of particular 
relevance is the work by Breul et al (2008) 
who used image analysis to estimate con-
crete segregation on-site. As part of that 
work, experiments on SCC and crushed 
particle concrete were conducted in 
16 cm diameter columns. Measurements 
were compared with results acquired on 
the same columns using a video-counting 
method. Concerning the segregation 
characterisation, image analysis seems 
well adapted and provides a fast map-
ping of the structure by interpolation. 
Gamma densitometry has also been 
used to evaluate segregation in SCC 
mixes (Schwhdenmann 2005; Li et 
al 2011; Kundu 2014). As many NDT 
methods have found application in the 

construction industry, intense research in 
this field has led to improved NDT equip-
ment, which has made data collection 
quicker and easier. With proper analysis 
of these NDT results more is possible 
beyond simple quality checks, including 
possible prediction of important material 
parameters (Sanish & Manu 2012). While 
effective, deployment issues remain that 
preclude rapid, widespread usage of these 
NDT techniques.

As a work-around to those challenges, 
the ultrasonic pulse velocity (UPV) 
method was introduced for both field 
and laboratory work and is the most 
widely used NDT test for the inspection 
and evaluation of concrete structures 
today. UPV is mainly deployed for the 
determination of the dynamic modulus of 
elasticity and Poisson’s ratio (Huet 1982). 
Using UPV, Naik and Malhotra (1991), 
and Malhotra and Carino (1991) dem-
onstrated that the relationship between 
compressive strength and pulse velocity 
was non-linear. They concluded that sev-
eral parameters can interfere, including 
the composition of the concrete and its 
moisture content. While there are exist-
ing standards that propose correlations to 
overcome these difficulties (e.g. RILEM 
1973; ASTM International 2009; British 
Standards Institute 2004), heterogene-
ity creates dispersions of the pulsations 
(Xiong et al 2011), which complicates 
matters, as these dispersions are caused 
by indirect factors such as the origin of 
the concrete mixture and the problems 
of casting in-situ (e.g. over-vibration, 
or placement from too high a height). 
However, early work in applying UPV to 
concrete, such as the work by Zülfü et al 
(2008) on the correlation between ultra-
sonic velocity and compressive strength, 
by Abdelhalim and Abdelouahab (2011) 
on the estimation of a concrete’s porosity, 
by Kumavat et al (2014) on general condi-
tion assessment, and by Abdelouahab and 
Abdelhalim (2016) on the segregation of 
ordinary concrete, show the potential 
of the technique, but do not assess its 
robustness when applied to a variety of 
SCC mixes, which is the focus of the new 
research presented herein.

Specifically, the aforementioned initial 
efforts indicated UPV as a promising 
technology for studying concrete segrega-
tion, a topic to which UPV has not been 
regularly employed. The opportunity to 
use it arises from the heterogeneity in 
concrete pulse dispersions (Silva & Brito 

2013; Kundu 2014) that can be caused by 
indirect factors, such as the origin of the 
aggregates, the mixture’s ingredients, and 
problems of consolidation (vibration) dur-
ing concrete placement. The work herein 
proposes that concrete density variation 
through the height of an element can 
be determined by UPV, noting that the 
elastic modulus can be influenced by the 
large aggregates in concrete versus only 
the small aggregates in the mortar. Thus, 
the objective of this experimental study 
is to analyse correlations between vari-
ous segregation indices and UPV outputs 
in SCC mixes to assess the viability of 
UPV for on-site segregation evaluation. 
Ultimately, this work aims to propose a 
rapid, non-destructive method of charac-
terising segregation in fresh SCC mixes.

RESEARCH SIGNIFICANCE AND 
EXPERIMENTAL PROCEDURE
This paper presents comparative experi-
mental work on 14 different self-compact-
ing concrete samples using two standard 
techniques (sieve and column) in com-
parison to the herein proposed UPV-based 
test using a testing procedure introduced 
by Abdelouahab and Abdelhalim (2016). 
Correlations were performed with respect 
to various segregation indices to test 
whether the UPV method is efficient and 
reliable compared to traditional methods. 
The UPV was used to determine differ-
ences between the samples’ top and bottom 
sections as cast. The study also concerns 
the exploration of correlations between the 
different parameters studied amongst self-
compacting concrete samples.

To understand the potential applica-
bility and reliability of UPV to identify 
segregation problems in SCC mixes, an 
experimental programme was devised. 
The scope of that work involved the fol-
lowing: sieve stability tests, as described 
by EFNARC (2005), column stability tests 
(e.g. Cussigh et al 2003; British Standards 
Institute 1986; Sonebi 2005; Rooney & 
Bartos 2001), and UPV testing (newly 
developed). All are described below.

Sieve stability test as per 
EN 12350‑11 (EN 2010)
Principle: The test aims to investigate the 
resistance of an SCC mix to segregation 
by allowing a 10 L sample to undergo 
static segregation for 15 minutes (in a 
bucket). Then the top layer of the sample 
(4.8 kg ± 0.2) is poured into a 5 mm 
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sieve. Some mortar then passes through 
the sieve. An index π (the mass percent-
age of the sample passing through the 
sieve) is determined using Equation 1 
and expressed in terms of the nearest 1% 
(AFGC 2000). The amount of material 
passing through the sieve indicates the 
propensity towards segregation.

π = 
Mcs

Mc
 ∙ 100 (1)

Where:
 Mcs =  mass of concrete collected 

through the 5 mm sieve opening 
size

 Mc =  initial mass of the top layer.

Column stability test
Principle: In this test, fresh concrete 
is placed in a tube (cross-section = 
100 × 100 mm, height = 500 mm). 
Concrete is then taken from the top 
(A = 100. 100. 100 mm) and bottom 
(B = 100. 100. 100 mm) parts of the 
column. After being washed through a 
sieve, samples are analysed to determine 
the proportion of coarse aggregate. Only 
aggregates greater than 5 mm in size are 
analysed. An index f is determined as per 
Equation 2 to an accuracy of ±1%.

f = 
Mα

A

Mα
B

 ∙ 100 (2)

Where:
 Mα

A =  coarse aggregate mass in the top 
part (retained on 5 mm sieve 
 opening size)

 Mα
B =  coarse aggregate mass in the 

 bottom part (retained on 5 mm 
sieve opening size).

Proceedings ultrasonic test
Principle: Based on the techniques of 
segregation characterisation used in the 
column stability test (British Standards 
Institute 1986), UPV can be used for 
material in its fresh state or at the begin-
ning of hardening (Hamidian et al 2012) 
to determine an ultrasonic segregation 
index fu and to establish correlations 
between the last index, the sieve seg-
regation index π, and the segregation 
resistance f. The ultrasonic coefficient of 
segregation resistance will be proposed as 
per Equation 3 to an accuracy of ±1%.

 
fu = 

VA

VB
 ∙ 100 (3)

Where:
 VA =  VfA – VeA : Propagation velocity ratio 

in the top section (A) between the 
filled mould and the empty mould

 VB =  VfB – VeB : Propagation velocity ratio 
in the bottom section (B) between 
the filled mould and the empty 
mould, respectively (Figure 1).

 Vf =  is the propagation velocity in a zone 
of the filled mould

 Ve =  is the propagation velocity in a zone 
of the empty mould.

The pulse velocity is known to be affected 
significantly by the type and amount 
of aggregate (Bullock & Whitehurst 
1959; Jones 1962; Popovics et al 1990). 

In general, the pulse velocity of cement 
paste is lower than that of aggregate. 
According to several studies (e.g. Bullock 
& Whitehurst 1959; Kaplan 1959; Jones 
1962), at the same strength level concretes 
with higher aggregate content give higher 
pulse velocities.

The samples were tested using ultra-
sound for determination of the velocities 
of the longitudinal ultrasonic waves. UPV 
tests were conducted for each sample 
using a portable ultrasound model E58 
and pulses with a 54 kHz frequency 
(Figure 2).

An average of three readings per 
sample was taken, as reported herein. The 
actual testing procedures are described 
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Direct transmission
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Figure 1  Measurement procedure: segregation resistance by ultrasound pulse velocity: 
(a) velocity propagation on Parts A and B, (b) tube steel moulds
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in ISO1920-7 (ISO 2004). The principle 
of the test is that the pulse of the lon-
gitudinal vibrations is produced by an 
electro-acoustical transducer (transmit-
ter). After traversing a known path length 
in the concrete, the pulse vibrations were 
converted into electrical signals by a sec-
ond transducer “receiver” (IAEA 2002). 
Electronic timing circuits enable the 
transit time of the pulse to be measured 
and, thus, the velocity of the pulse to 
be calculated. This involved developing 
a series of mixes (as will subsequently 
be described) and applying two com-
mon tests (sieve and column), as well 
as the proposed UPV method. For each 
sample, a segregation index f was gener-
ated according to the three procedures. 
The UPV test method and the column 
test method measured both the segrega-
tion and plastic sedimentation; plastic 
sedimentation is affected by segregation, 
bleeding and setting time. In contrast, 
the sieve stability method only measured 
segregation.

Materials
The experimental materials were sourced 
locally in Algeria, including an ordinary 
Portland cement (CEM II-A, 42.50), a 
limestone filler (a 0/80 μm) to modify the 
viscosity, and a polycarboxylate type based 
superplasticiser. The crushed fine aggre-
gates had a maximum grain size of 5 mm, 
a fineness modulus of 2.56, and a specific 
gravity of 2.53. The coarse aggregates had 
a maximum size of 15 mm and a specific 
gravity of 2.67. The chemical composition 
of the local Portland cement and mineral 
admixtures are given in Table 1 (the values 
are from manufacturers), along with a few 
performance characteristics of various 
components. The particle size distributions 
of the limestone filler, fine aggregate and 
coarse aggregate are shown in Figures 3 
and 4.

Mixture proportions
This work aims to assess the applicability of 
ultrasonic velocity measurements to various 
SCC mixtures to determine segregation. As 
such, the concrete formulations were based 
on methods described by Okamura and 
Ouchi (2003) and Bensebti (2008). In the 
research herein, the proportion of coarse 
aggregate was fixed at 50% with sand as 40% 
of the total volume of the mixture (cement, 
sand, filler and water). Ideally, the volume 
of the SCC paste should allow the concrete 
to flow, while minimising the cost of the 

(b)(a)

Figure 2  The UPV equipment used: (a) ultrasonic device, (b) transducers which used 54 kHz

Table 1 Physical and chemical properties of the materials used

 Factor Cement* Limestone filler* Superplasticiser*

CaCO3 (%) – 98.00 –

CaO (%) 55–65 56.03 –

SiO2 (%) 22–28 0.04 –

AL2O3 (%) 5–6 0.08 –

Fe2O3 (%) 3–3.6 0.02 –

MgO (%) 1–2 0.17 –

K2O (%) 0.3–0.6 0.02 –

NaO2 (%) 0.1–0.16 0.05 –

SO3 (%) 1.8–2.5 0.0021 –

CaOL (%) 0.8–1.8 – –

cl- 0–0.01 0.0033 < 1

Loss on ignition (%) – 43 –

Density (kg/l) 3.15 2.7 1.2

Blaine (cm2/g) 3 300–4 000 – –

pH – 9 8.2

Beginning of setting time (mn) ≥ 60 – –

End of setting time (mn) 150–250 – –

– Items not measured * Values are from manufacturers
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raw materials. The compositions of the 14 
mixtures tested are presented in Table 2. 
In all of the mixes, the binder quantity was 
held constant, and the ratios of the other 
constituents were varied: filler (0% to 20%), 

superplasticiser (1.7% to 2%) and water (32% 
to 48%). The 14 mixes represented two 
groups of material: a set of unstable mixes 
(C1-C8) likely to segregate (with sieve seg-
regation index values higher than 15% and 

resistance index values lower than 65%) and 
a set of stable mixes (C9-C14) unlikely to 
segregate. Within each group, the percent-
age of filler to binder was changed starting 
with 0% and eventually reaching 20%.

Table 2 Mix proportions

Concrete

Proportions in kg/m3

Gravel 
(5–15 mm)

Sand 
(0–5 mm)

Cement 
(C)

Fillers 
(F)

Water 
(W)

Super‑
plasticiser 

(Sp)

a* = F/B  
(%)

b* = SP/B 
(%)

d* = W/B 
(%)

C01 775 736 495 0.0 237.8 9.91 0.00 2.00 48

C02 775 736 477 24 235.2 9.71 4.76 1.94 47

C03 775 736 460 46 232.5 9.50 9.09 1.88 46

C04 775 736 457 55 230.2 9.49 10.71 1.86 45

C05 775 736 454 64 227.8 9.48 12.28 1.83 44

C06 775 736 452 72 225.3 9.47 13.79 1.81 43

C07 775 736 450 81 222.8 9.46 15.25 1.78 42

C08 775 736 429 107 219.8 9.11 20.00 1.70 41

C09 775 736 618 0.0 198.0 12.35 0.00 2.00 32

C10 775 736 577 29 200.0 11.76 4.76 1.94 33

C11 775 736 550 55 200.0 11.37 9.09 1.88 33

C12 775 736 528 84 196.0 11.06 13.79 1.81 32

C13 775 736 509 102 195.0 10.75 16.67 1.76 32

C14 775 736 488 122 195.0 10.36 20.00 1.70 33

* [B; binder, (a=F/B); limestone filler-to-binder ratio, (b=Sp/B); superplasticiser-to-binder ratio, (d=W/B); water-to-binder ratio] 
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Testing procedure
Firstly, a perforated plate sieve with 
square holes of 5 mm, a frame diameter 
of 300 mm, and a height of 40 mm were 
used for testing (ISO 2004). The test 
column used to evaluate the segregation 
resistance was a steel mould measuring 
500 mm in height and 100 × 100 mm 
in cross-section. This mould was also 
used for the UPV test, where transduc-
ers were attached to the outside of the 
steel column, which were coupled to the 
surface through a suitable medium (e.g. 
grease), at each of the two ends (Figure 1) 
(Kumavat et al 2014). These procedures 
were applied to the mixtures listed in 
Table 2. The temperature during mixing 
and testing ranged from 18°C to 22°C.

The experimental work conducted 
on the 14 mixes in Table 2 involved the 
following:

 ■ Sieving method using Equation 1
 ■ Column method using Equation 2
 ■ Ultrasonic velocities method proposed 

using Equation 3

Characterisation of fresh concretes 
SCC mixes require validation through 
all three of these tests (for “ordinary” 
concrete only one is required). A spread 
ranging between 640 mm and 720 mm, an 
H2/H1 ratio higher than 0.80 for the “L” 
box, and a sieve segregation index π rang-
ing between 0 and 15% are all necessary. 
Additionally, the tests should be conducted 
in-situ, as well as in the laboratory.

Characterisation of segregation
At the end of mixing, tests are immediately 
conducted to assess resistance to segrega-
tion. This was done firstly by the sieve 
segregation test, secondarily by UPV meas-
urement and, finally, by the column test.

For the column test, several segrega-
tion characterisation techniques have 
been reported in the literature (Kumavat 
et al 2014; Lowke et al 2003). In this 
case, the fresh concrete was placed in 
a tube (cross-section 100 × 100 mm, 
height 500 mm). The concrete was taken 
from the top (A = 100 × 100 × 100 mm) 
and bottom (B = 100 × 100 × 100 mm) 
parts of the column. After being washed 
through a sieve, the samples were ana-
lysed to determine the proportion of 
coarse materials within the aggregate. 
Segregation resistance f was expressed as 
the ratio between the coarse aggregate 
mass in the top part and the coarse 
aggregate mass in the bottom part where:

 ■ f > 0.95 corresponds to a good segrega-
tion resistance

 ■ f < 0.90 corresponds to a tendency 
towards segregation.

In the tests herein, tube forms were also 
used to determine a similar coefficient 
based on UPV ( fu). 

Ultrasonic velocity measurements
The ultrasonic coefficient of segrega-
tion resistance proposed will be as per 
Equation 3. In the temperature range from 
22°C ± 2°C and one hour after casting, 
the measurement consisted of determin-
ing the propagation time of sound waves 
through the fresh concrete at the upper 
(A) and lower (B) parts of the samples 
(Figure 1a, b). For this, a pair of transduc-
ers was used (Figure 2b), one serving as a 
source (emitter) and the other as a receiv-
er. Guided by EN 12504-4 (EN 2010), 
direct transmission mode was conducted 

after casting. The process used a sensor 
and a nominal frequency transmitter of 
54 kHz (Figure 2a), both standard in the 
industry. This nominal frequency limited 
the depth of propagation and the mini-
mum thickness of concrete that could be 
probed.

EXPERIMENTAL RESULTS 
AND DISCUSSION
The data on the slump flow test are given 
in Figure 5. Slump flow test results differed 
slightly from the allowable range; specifi-
cally, EFNARC (2005) suggested a slump 
flow value ranging from 600–750 mm for 
a concrete to be an SCC. At more than 750 
mm, the concrete might segregate, and at 
less than 600 mm, the concrete might have 
insufficient flow to pass though highly 
congested reinforcement. All the concretes 
studied herein had a slump flow higher 
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than 600 mm. Thus, these concretes pre-
sent an acceptable fluidity with no blockage 
risk, and conducting L-box tests to check 
the passing ability of the SCC was not nec-
essary. However, when the sieve stability is 
between 15% and 30% (Figure 6), the stabil-
ity is considered critical, and the specific 
testing of segregation is necessary (RILEM 
1973; ASTM International 2009; Sonebi 
2005; AFGC 2000). The tests of self-com-
pacting practised do not have any obvious 
relationship between them (Figure 6); they 
are not redundant, but complementary to 
one another and highlight different aspects 
of self-compacting. So practising only the 
on-site slump test is not indicative of an 
SCC (Mouret et al 2003). Daczko (2002) 
compared some mixtures with the same 
fluidity and obtained different levels of 
stability.

The amalgamated results for each 
of the three samples for the 14 mixes 
are presented for the UPV testing 
(Table 3), the column testing (Table 4), 
and the sieve testing (Table 5). Results 
of the ultrasonic segregation index are 
expressed as the ultrasonic velocity ratio 
of the upper part A to that of the lower 
part B. Tables 3–5 clearly show a division 
between the unstable and stable mixes 
(C1–C8 vs C9–C14). The results of the 
UPV test can be used to assess the segre-
gation resistance and to control the qual-
ity of concrete products, as will be further 
discussed in the section below.

Discussion
As described in the results, the tests were 
only done on fresh mixes. As was noted, 
the first eight concrete mixes (C1–C8) 
were unstable, while the subsequent six 
mixes (C9–C14) were stable (60 mm > Sf 
< 75 mm, π < 15% and f < 95% following 
this fu < 98%). Each of the three testing 
methods confirmed the characterisation.

The UPV remained almost constant 
in the case of the stable mixes (C9–C14) 
(Table 3). For these concretes, the 
average standard deviation σ was 6.01 
m/s, with a minimum of 0.7 m/s and a 
maximum of 17 m/s. For the unstable 
concretes (C1–C8), the average standard 
deviation σ was 215.0 m/s, and ranged 
from a minimum of 157.7 m/s to a maxi-
mum of 285.7 m/s.

Similarly, the column test (Table 4) 
demonstrated that the coarse aggregate 
mass remained almost constant in the 
stable cases (C9–C14). For these con-
cretes, the average standard deviation σ 

Table 3 Ultrasonic testing results

Mixture
In m/s

Side A Side B σ*

C1 2 198 2 421 157.7

C2 2 229 2 515 202.2

C3 2 183 2 533 247.5

C4 2 232 2 520 203.6

C5 2 239 2 493 179.6

C6 2 165 2 514 246.8

C7 2 166 2 444 196.6

C8 2 132 2 536 285.7

C9 2 560 2 565 3.5

C10 2 567 2 580 9.2

C11 2 591 2 597 4.2

C12 2 560 2 561 0.7

C13 2 559 2 561 1.4

C14 2 533 2 557 17.0

* σ = the average standard deviation

Table 4 Column testing results

Mixture

In kg

Top 
part A

Top 
part B

σ

C1 0.46 0.78 0.23

C2 0.51 0.80 0.21

C3 0.43 0.80 0.26

C4 0.40 0.75 0.25

C5 0.44 0.95 0.36

C6 0.55 0.96 0.29

C7 0.49 0.86 0.26

C8 0.40 0.84 0.31

C9 0.71 0.74 0.02

C10 0.79 0.83 0.03

C11 0.75 0.79 0.03

C12 0.85 0.89 0.03

C13 0.71 0.73 0.02

C14 0.71 0.74 0.02

Table 5 Summary of test results: ultrasonic, column and sieve coefficients

Concrete

UPV coefficient Column coefficient Sieve coefficient

fu = VA/VB 
(%)

f = A/B 
(%)

π
(%)

C1 90.80 ± 3.5 58.30 ± 0.1 24.08

C2 90.70 ± 0.4 64.30 ± 4.3 16.49

C3 88.20 ± 1.8 53.60 ± 5.1 16.84

C4 88.60 ± 0.8 52.00 ± 4.2 16.12

C5 89.50 ± 0.0 46.10 ± 4.6 16.08

C6 87.20 ± 1.2 58.50 ± 3.8 16.91

C7 87.20 ± 2.3 57.40 ± 1.8 16.23

C8 84.10 ± 0.3 47.70 ± 2.8 23.53

C9 99.80 ± 0.0 95.30 ± 0.7 06.60

C10 99.50 ± 0.3 95.20 ± 0.2 06.35

C11 99.80 ± 0.2 95.10 ± 0.5 03.30

C12 99.90 ± 0.2 95.10 ± 2.2 08.90

C13 99.90 ± 0.1 96.40 ± 1.6 04.67

C14 99.00 ± 0.6 95.30 ± 2.5 11.45
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was 0.025 kg and ranged only from 
0.02 kg to 0.03 kg. For the unstable 
concretes (C1–C8), the average standard 
deviation σ was an order of magnitude 
higher at 0.27 kg and ranged from 0.21 kg 
to 0.36 kg.

In the sieve test, results (Table 5) for 
C9–C14 were stable with sieve segrega-
tion indices lower than 15% and resis-
tance stability indices higher than 95%. 
Furthermore, the coefficients of segrega-
tion resistance remained almost constant 
in the stable cases (C9–C14). Each of the 
mixes C1–C8 was shown to be unstable, 
with a sieve segregation index exceeding 
15%. The average standard deviation σ 
was 18.28%, with a minimum of 16.08% 
and a maximum of 24.08%. For the stable 
concretes (C9–C14), the average standard 
deviation σ  was 7.22% and ranged from 
3.3% to 11.45%.

In the case of the stable mixes 
(C9–C14) the variation between their 
values did not exceed 0.9% for UPV 
[(C13 = 99.90) – (C14 = 99.00)], 1.30% 
for the column test [(C13 = 96.40) – 
(C11 = 95.10)] and 8.15% for the sieve test 
[(C14 = 11.45) – (C11 = 3.30)], respec-
tively. Based on the stability test results, 
samples C9–C14 can be considered highly 
satisfactory compared to other concretes, 
with respect to their stability. Notably, 
the stable mixes C9–C14 presented an 
ultrasonic index of segregation approach-
ing 100% (Table 5).

Figure 7 presents the variations of the 
water-to-binder ratio (W/B) versus the 
segregation level obtained for the three 
segregation tests for all mixes. In general, 
the increase in W/B led to a decrease 
of the UPV and column values and an 
increase of the sieve stability ratio across 
all 14 mixes. When the W/B was around 
0.33, the stability risk was clearly evident 
( fu > 098, f > 095 and π < 0.15), and 
increased when the W/B ratio exceeded 
0.41 ( fu < 098, f < 0.95 and π > 0.15). The 
W/B is the most significant parameter 
influencing the rheological properties 
of concretes. The relationship obtained 
between W/B and the different stability 
parameters used, show that this ratio 
influences them differently (Figure 7). 
Additionally, these relationships may not 
all be proportional.

The effect of W/B on the viscosity on 
the sieve segregation of mixtures is more 
dominant than other studied parameters. 
The W/B affects viscosity exponentially, 
as indicated by Libre et al (2010). The 
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effect of the water quantity is also illus-
trated in Figure 8.

Segregation appeared in all three 
tests with W/B ratios higher than 0.32. 
A decrease of this ratio by 19.51% (from 
a W/B of 41 to 33) caused a decrease 
in the indicators of the segregation π 
(sieve) of 51.33% and an increase of f 
and fu to 99.79% and 17.71%, respectively 
for the concretes with 20% fillers (C8, 
C14). Figure 9 shows the evolution of 
the three indicators of segregation ( fu, π 
and f ), with the filler/binder (F/B) ratio 
similar in both cases. The ultrasonic 
coefficient fu was less sensitive to the 
variation of the fines quantity in the 
concrete than the sieve coefficient π 
and column coefficient f, especially for 
unstable concretes. The variations were 
respectively, 6.6% [(C2, fu = 90.70) – (C8, 
fu = 84.10)], 7.04% [(C2, π = 16.49) – (C8, 
π = 23.53)], and 16.60% [(C2, f = 64.30) 
– (C8, f = 47.70)] for a 15.24% variation 
of the F/B ratio [(C2, F/B = 4.76) – (C8, 
F/B = 20)]. This is because UPVs were 
determined through the concrete (mor-
tar and gravel), whereas the resistance 
segregation index f related only to 
gravel. The pulse velocity was affected 
significantly by the F/B ratio (consider-
ing the two concrete groups: unstable 
and stable). The pulse velocity of the 
binder pulse was lower than that of the 
aggregate, but the consistency of paste 
affected the velocity more than the 
aggregates when the concrete was stable.

In Figure 10, for the stable mixes the 
standard deviation (SD) of each segrega-
tion test was plotted against the average 
results. For the column resistance test, 
at segregation ratios above 95% (the pro-
posed limit for non-segregating mixes), 
the average SD was 1.4% (Figure 10a). 
For the UPV column resistance test, at 
segregation ratios above 99% (the pro-
posed limit for non-segregating mixes), 
the average standard deviation was 0.28% 
(Figure 10b). In general, for all tests SDs 
were higher in the concrete where segre-
gation was present.

The stable concretes (C9–C14) were 
those having a sieve segregation index 
lower than 15%, (Figures 11 and 12). All 
of these concretes displayed an ultrasonic 
index fu in excess of 98%. For these mixes, 
when the difference of aggregate content 
in the column ( f ) did not vary by more 
than 5%, the segregation ultrasonic index 
fu did not change by more than 2%. These 
results demonstrate the efficacy of using 
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the ultrasonic pulse velocity method 
for segregation characterisation in fresh 
concrete. Therefore, it is necessary to 
suggest that the sieve stability index (π) 
should be reduced to 12%, while keeping 
the column segregation resistance index 
( f ) at 95%, and proposing the addition of 

the UPV segregation resistance index ( fu) 
at 99%, as per Figure 13.

CONCLUSIONS
In this experimental study, a non-
destructive method was used to diagnose 

the homogeneity of the concrete in terms 
of segregation. Considering the two 
concrete groups, unstable and stable, a 
decrease in the W/B ratio led to distinc-
tive increases in the segregation indices 
fu, f and π. The ultrasonic segregation 
index fu was found to be less sensitive to 
the variation of the fines ratio than the 
segregation resistance index f. This was 
especially true for unstable mixes. The 
proportion of water was a major factor 
in segregation for SCC, as expected. The 
effect of the F/B ratio showed similar 
results. This was because the UPVs were 
determined through the cement paste and 
granular skeleton (the pulse velocity of 
binder was lower than that of aggregate), 
whereas the f index concerns gravel 
mass only.

The stable concretes (those having a 
sieve segregation index lower than 15%) 
all displayed resistance index f values 
higher than 95% and ultrasonic index fu 
values higher than 99%. In this study, the 
stable concretes (C9–C14) were highly 
identifiable regardless of the measuring 
methods and the water proportions used, 
but identification was especially easy with 
the UPV test results, which remained 
almost constant. The results found by 
UPV, and those found by traditional 
sieve and column tests were similar. As 
such, the usability of non-destructive test 
methods for evaluation of segregation of 
concrete was proven. This study showed 
the possibility to characterise concrete 
segregation with a clean, rapid, and easy-
to-use non-destructive method at an 
acceptable precision and level.

Future work should focus on more 
precise analyses of how the weight, nature 
of the gravel (the effect of geometry on the 
gravel segregation) and shape of the test 
piece (edge effect), as well as the frequency 
of the ultrasonic transducers, impact the 
outputs. Additional work is also needed 
to compare segregation measurements on 
fresh SCC with real in-situ segregation.
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