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RESUME 
Le beton autoplai^ant (BAP), est une nouvelle generation de beton ayant la capacite de remplir 
les coffrages sous 1'influence de son propre poids sans recours a la vibration. C'est une 
technologie modeme qui a permis de revolutionner l'industrie de la construction. Ce type de 
beton requiert cependant des etudes approfondies avant d'atteindre son niveau d'utilisation 
optimum. La stabilite est Tune des propri&es cruciales du BAP. Generalement, la stabilite est 
classee sous deux categories : la stability statique, importante lorsque le beton est au repos et 
avant sa prise, et la stability dynamique, qui joue un role important durant le transport et la 
mise en place du BAP. Si la stability statique a fait 1'objet de plusieurs etudes, la stabilite 
dynamique que reste un sujet un peu abordee dans la litterature. 

Ce projet de maitrise est elabore dans le but de developper une comprehension globale du 
phenomene de la segregation dynamique. Une approche experimental a ete adoptee pour 
developper des methodes d'essai fiables afin d'evaluer la stabilite dynamique du BAP (deux 
essais). Une evaluation de la repetabilite et une analyse de la sensibilite ont ete etablis pour les 
methodes d'essais proposes. Une fois que des procedures d'essais fiables sont developpees, 
l'essai sera utilise pour evaluer l'effet de differents parametres pouvant affecter la segregation 
dynamique. Ceci inclut des facteurs relies a la composition du melange et aux conditions de 
mise en place. 

Pour evaluer l'ecoulement horizontal, l'essai du « Tilting-box » a ete developpe. Cet essai 
montre une repetabilite et une sensibilite adequates. De sorte a rendre l'essai plus pratique, une 
nouvelle technique de penetration a aussi ete proposee afin de permettre revaluation de la 
segregation plus facilement et rapidement. Une bonne correlation a ete observee entre les 
resultats obtenus au tamis mouilie (wet-sieve) et la segregation. En ce qui concerne l'essai de 
chute libre, un dispositif d'essai « U-tube » a ete con9u et s'est montre prometteur pour 
simuler les phenomenes de segregation. 

Les resultats de l'etude parametrique montrent que plus le nombre de cycles est eieve 
(distance d'ecoulement), plus il y a de segregation dynamique, alors que le taux de segregation 
diminue. Lorsque Ton diminue la duree de chaque cycle (augmentation de la vitesse 
d'ecoulement), la segregation augmente d'abord, mais apres une certaine duree critique, elle 
commence a diminuer. Si 1'onconsidere la rheologie du beton (pate de ciment), il est clair 
que le seuil de cisaillement et la viscosite ont un effet important sur la segregation dynamique. 
De plus, il a ete remarque qu'il n'y a aucune interaction entre les effets de chaque facteur, et 
leur influence est non lineaire. L'effet du volume de la pate sur la segregation dynamique est 
similaire a celui de la vitesse d'ecoulement, c'est-&-dire que lorsque le volume de la pate 
augmente, la segregation augmente d'abord, puis a une certaine valeur critique, elle 
commence a diminuer. 

Les resultats obtenus lors des etudes parametriques effectives avec le dispositif U-tube 
montrent qu'en termes de rheologie, bien que les resultats soient similaires au dispositif T-
box, certaines incoherences observees seraient dues aux erreurs et aux limitations de l'essai 
par exemple. Ainsi, aucune conclusion ne peut etre tiree a cette etape. Si Ton considere que le 
volume de la pate, la meme tendance que celle observee durant l'ecoulement est aussi 
presente. 
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ABSTRACT 
Self-Consolidating concrete (SCC) is a new generation of concrete that can fill in the 
formwork under its own weight and without vibration. This modern technology has 
revolutionized the construction industry, but still needs lots of investigation before it reaches 
its most perfect level. Stability is a crucial property of SCC, namely self-consolidation cannot 
be achieved without it. Generally, stability falls into two categories: static stability which is 
important when concrete is at rest and before setting and is well studied up to this date; 
dynamic stability which plays a crucial role during transportation and casting of SCC and is 
one of the least investigated aspects of SCC. 

Hence, this M.Sc. project was defined with the purpose of developing a comprehensive 
understanding of the dynamic segregation phenomenon. An experimental approach was 
adopted, namely reliable test methods were proposed to evaluate the dynamic stability of SCC. 
Repeatability assessment and sensitivity analysis are established for the proposed tests. Once a 
reliable test has been developed, the test is used to evaluate the effect of different parameters 
that could affect dynamic segregation. The latter includes factors pertaining to both mix design 
and casting conditions. 

To capture the horizontal spread, Tilting-box was developed and was shown to have adequate 
repeatability and sensitivity. In order to make the test more practical, a new penetration 
technique was also proposed to help assess the segregation more easily and rapidly. Good 
agreement was observed between the results of wet-sieving and penetration. With respect to 
freefall, U-tube was designed and found to be promising to simulate the phenomena taking 
place during and shortly after freefall. 

Results of the parameter study carried out with T-box demonstrate that the larger the number 
of cycles (flow distance), the more dynamic segregation occurs while the rate of segregation 
decreases. When decreasing the duration of each cycle (increasing flow velocity), segregation 
first increases, but over a critical duration it starts to decrease. Considering the rheology of 
concrete (cement paste), it is shown that both yield stress and viscosity have significant effects 
on dynamic segregation. In addition, there is no interaction between the effects of each factor, 
and such influence is non-linear. The effect of paste volume on dynamic segregation is similar 
to that of velocity meaning that by increasing paste volume, segregation first increases and 
above a critical value, it commences to decrease. 

The outcome of the parameter study conducted with U-tube shows that in terms of rheology, 
though the results are analogous to the T-box, there are some inconsistencies which could be 
due to both errors and limitations. Hence, at this point no final conclusion is drawn on that. 
Considering the paste volume, the same tendency as that during flow was observed. 

Key-words: Self-Consolidating Concrete (SCC); Dynamic segregation; Test; Rheology; 
Segregation. 

iii 



iv 



ACKNOWLEDGEMENT 
This Master of Science project was undertaken under the supervision of a team of highly 
knowledgeable and considerate scientists without the continuous assistance of whom such 
project would never be the same as it is now. Hence, I hereby gratefully appreciate the entire 
technical, intellectual, and financial support that I received from my principal supervisor, 
Professor Kamal H. Khayat whose special manners and points of view makes the concrete 
group run as a persistent smooth research unit and a pleasing work environment. I also 
appreciate all the aid and support that I was given by Dr. Ammar Yahia as my co-supervisor 
and Dr. Dimitri Feys as my friend and technical advisor who has been with me shoulder to 
shoulder during this project. 

I thankfully appreciate all the technical and physical help of my dear friend and colleague, Mr. 
Masoud Hosseinpoor who was actively involved in the first part of this project. 

My specific gratitude goes to all of my friends and colleagues in the concrete group, the 
technicians of the concrete laboratory, and staff of the Universite de Sherbrooke who have 
assisted me a lot during this project, and whom I consider as family. 

At the end, my deepest sentiments of appreciation and love flies to my beloved mother who is 
my main supporter and source of energy and whose love and help in every single field of my 
life was the primary reason I could be here and start this project in the first place. I also thank 
gratefully my dear father for his intellectual and financial support and my two brothers for 
their encouragements. 

And I thank again all who somehow contributed to this M.Sc. project. 

v 



vi 



TABLE OF CONTENTS 
1 INTRODUCTION 1 

1.1 Definitions 1 

1.1.1 Self-Consolidating Concrete (SCC) 1 

1.1.2 Dynamic segregation 3 

1.2 Definition and objectives of the research project 5 

1.3 Research significance 6 

1.4 Original contributions 7 

1.5 Outline of the thesis 8 

2 BACKGROUND 9 

2.1 Dynamic segregation phenomenon 9 

2.1.1 Physical explanation 9 

2.1.2 Theoretical analysis 14 

2.2 Current test methods of dynamic segregation assessment 27 

2.2.1 Direct indicators of dynamic segregation 27 

2.2.2 Indirect indicators of dynamic segregation 34 

2.3 Segregation studies 40 

2.4 Summary 61 

3 EXPERIMENTAL WORK 63 

3.1 Introduction 63 

3.2 Experimental program 63 

3.2.1 Phase IA- Development of test methods 64 

3.2.2 Phase IB- Repeatability and sensitivity analysis 64 

3.2.3 Phase II- Paramedic study .-r 66 

3.3 Materials 69 

3.3.1 Cement 69 

3.3.2 Supplementary cementitious materials 69 

3.3.3 Sand 70 

3.3.4 Coarse aggregate 70 

3.3.5 Chemical admixtures 73 

3.4 Concrete compositions 73 

3.5 Mixing procedure 77 

3.6 Testing methods 78 

vii 



viii TABLE OF CONTENTS 

4 DEVELOPMENT AND VALIDATION of DYNAMIC SEGREGATION TEST 
METHODS 81 

4.1 Tilting-box method 81 

4.1.1 Test device 82 

4.1.2 Surface penetration technique to evaluate segregation 89 

4.1.3 Test procedure of the Tilting-box test 92 

4.1.4 Repeatability of Tilting-box test 94 

4.1.5 Limitations of Tilting-box test 100 

4.1.6 Conclusions 101 

4.2 U-tube method 101 

4.2.1 Test device 102 

4.2.2 Test procedure of the U-tube test 103 

4.2.3 Repeatability of the U-tube test 107 

4.2.4 Limitations of the U-tube test 107 

4.2.5 Conclusions 110 

5 PARAMETERS AFFECTING DYNAMIC SEGREGATION Ill 

5.1 Effect of rheology Ill 

5.1.1 T-box Ill 

5.1.2 U-tube 116 

5.2 Effects of number and duration of cycles 119 

5.3 Effect of paste volume 124 

5.3.1 T-box 125 

5.3.2 U-tube : .127 

5.4 Further analysis of the results 128 

5.4.1 Rheology .r... 128 

5.4.2 Number and duration of cycles 138 

5.5 Conclusions 142 

6 CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK 145 

A CHEMICAL ADMIXTURES DATA SHEETS 151 

A.l SP1 151 

A.2 SP2 153 

A.3 VMA 155 

B DETAILS OF THE ANOVA OF THE RHEOLOGY STUDY DATA 157 

B.l ANOVA results for the PDG index 157 



ix 

B.2 ANOVA results for the VI 164 

REFERENCES 171 



TABLE OF CONTENTS 



LIST OF FIGURES 

Figure 2.1 Illustration of two form filling situations with SCC, (a) the concrete remains 
homogeneous during form filling, (b) The heterogeneous flow phenomena of 
blocking occurs i.e. aggregates are retained due to interactions with the 
reinforcement 11 

Figure 2.2 Illustration of two form filling situations with SCC, (a) the concrete remains 
homogeneous during form filling, (b) The heterogeneous flow phenomena of 
dynamic segregation has occurred, which results in a top and a front layer without 
particles 12 

Figure 2.3 Representation of aggregate suspended in cement paste. Restoring forces must be at 
least equal to gravitational and buoyant forces to avoid particle segregation [Saak 
et al, 2005] 15 

Figure 2.4 Relationship between Reynolds number (Re) and drag coefficient (Cp)  for a sphere 
[Franzini and Finnemore, 1997] 17 

Figure 2.5 (a) Correlation between drag coefficient and Reynolds number without taking yield 
stress into account (data from Dedegil [Dedegil, 1987]), (b) Correlation between 
drag coefficient and Reynolds number taking yield stress into account as expressed 
in Eq. (2.6) in which D = u/d [He et al., 2001] 19 

Figure 2.6 Flow trough for dynamic segregation. The notations used for modeling are 
illustrated in the figure [Shen et al., 2009] 21 

Figure 2.7 Schematic of test problem considered (cylindrical formwork) [Ferraris and de 
Larrard, 1998] 24 

Figure 2.8 Visual stability index examples for various slump flow tests; (a) VSI = 0, (b) VSI = 
1, (c) VSI = 2, (d) VSI =3 [ASTM C1611/C16UM-05, Standard Test Method for 
Slump Flow of Self-Consolidating Concrete,, 20051....,.^ 28 

Figure 2.9 L-box apparatus and small cylinder mould N [Bui et al., 2002] 32 

Figure 2.10 PA for segregation tests [Bui et al., 2002] 32 

Figure 2.11 (a) Three compartment hinged cylindrical mould; and (b) modified penetration 
depth apparatus [El-Chabib and Nehdi, 2006] 34 

Figure 2.12 Configuration of slump flow test based on ASTM C1611/C1611M-05 taken from 
[ESPING, 2007] 36 

Figure 2.13 L-box test apparatus [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003] 37 

xi 



xii LIST OF FIGURES 

Figurer 2.14 J-Ring setup [ASTM C1621/C1621M-06, Standard Test Method for Passing 
Ability of Self-Consolidating Concrete by J-Ring, 2006] 38 

Figure 2.15 European U-box test device [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003] 39 

Figure 2.16 V-funnel test apparatus [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants!003] 39 

Figure 2.17 Dynamic segregation results from the flow trough and the field [Shen, 
2007] 42 

Figure 2.18 Coarse aggregate variations (a) total aggregate content (b) each particle size class 
[Shen, 2007] 43 

Figure 2.19 Measured (points) and modeled (curve) dynamic segregation of field concrete, 
where DSI was measured in the formwork. The flow distance ranges from 0 to 9 
m [Shen et al., 2009] 44 

Figure 2.20 Measured (points) and modeled (curves) dynamic segregation with DSI measured 
in the flow trough, concretes with different slump flows. The flow distance ranges 
from 0 to 9 m and slump flow values are 610 and 660 mm [Shen et al., 
2009] 44 

Figure 2.21 Measured (points) and modeled (curves) dynamic segregation of concretes with 
different coarse aggregate size. The flow distance ranges from 0 to 9 m and 
aggregate size values are 10 and 15 mm [Shen et al., 2009] 44 

Figure 2.22 Measured (points) and modeled (curves) dynamic segregation of concretes with 
different coarse aggregate gradations. The flow distance ranges from 0 to 9 m 
[Shen et al., 2009] 45 

Figure 2.23 Measured (points) and modeled (curves) dynamic segregation of concretes with 
different coarse aggregate volume fractions. The flow distance ranges from 0 to 9 
m [Shen et al., 2009] 45 

Figure 2.24 Measured (points) and modeled (curves) dynamic segregation of concretes with 
different coarse aggregate densities. The flow distance ranges from 0 to 9 m and 
density values are 2540 and 2580 kg/m3 [Shen et al., 2009] 45 

Figure 2.25 Measured (points) and modeled (curves) dynamic segregation of concretes with 
different initial velocity. The flow distance ranges from 0 to 9 m and initial 
velocity values are 0.1 and 0.2 m/s [Shen et al., 2009] 45 

Figure 2.26 Aggregate particle trajectories with different mixture of concrete for formwork 
[Bilgil etal., 2005] ! 47 

Figure 2.27 Relationship between yield stress and segregation for fresh concrete mixtures (a) 
without superplasticizers, (b) with superplasticizers [Bilgil etal., 2005] 48 



xiii 

Figure 2.28 Relationship between viscosity and segregation for fresh concrete mixtures (a) 
without superplasticizers, (b) with superplasticizers [Bilgil et al., 2005] 48 

Figure 2.29 Relationship between segregation ratios SRFC and SRHC from fresh and 
hardened concrete [Sonebi etal., 2007] 49 

Figure 2.30 Pd and mass difference of coarse aggregate in the horizontal direction. [Bui et al., 
2002] 51 

Figure 2.31 Pd with different coarse-total aggregate ratios and concrete segregation resistance 
in the horizontal direction. [Bui et al., 2002] 51 

Figure 2.32 Pd with different water- binder ratios and concrete segregation resistance in the 
horizontal direction. [Bui etal., 2002] 51 

Figure 2.33 Pd with different paste volumes and concrete segregation resistance in the 
horizontal direction. [Bui et al, 2002] 51 

Figure 2.34 Relationship between Pd and SI-DYNAMIC [El-Chabib and Nehdi, 2006] 52 

Figure 2.35 Effect of cementitious materials content on segregation resistance of SCC 
mixtures, (a) W/CM= 0.45, (b) W/CM= 0.40 [El-Chabib and Nehdi, 2006] 54 

Figure 2.36 Effect of w/cm on segregation resistance of SCC mixtures [El-Chabib and Nehdi, 
2006] 55 

Figure 2.37 Effect of (a) HRWRA (VMA = 0.01%, W/CM = 0.45), (b) VMA (HRWRA = 
0.56%, W/CM = 0.45) on segregation resistance of SCC mixtures [El-Chabib and 
Nehdi, 2006] 56 

Figure 2.38 Effect of coarse/total aggregate ratio on segregation resistance of SCC mixtures 
(constant volume of cementitious materials and W/CM = 0.45) [El-Chabib and 
Nehdi, 2006] 57 

Figure 2.39 Correlation between segregation coefficient (SC) and mass deviation index (MI) 
[Chia and Zhang, 2004] 59 

Figure 2.40 Effect of (a) yield stress (b) plastic viscosity on segregation coefficient (SC) [Chia 
and Zhang, 2004] 60 

Figure 3.1 Range of the workability characteristics (SF, VF) covered in repeatability tests of 
penetration technique 65 

Figure 3.2 Central Composite Design (CCD) used to determine the effect of rheological 
properties on dynamic segregation of SCC 67 

Figure 3.3 Gradation curve of sand 71 

Figure 3.4 Gradation curve of 5-10 mm aggregate 71 

Figure 3.5 Gradation curve of 5-14 mm aggregate 72 



xiv LIST OF FIGURES 

Figure 3.6 Combined aggregate gradation curve 72 

Figure 4.1 Sketch of initial configuration of the T-box 83 

Figure 4.2 T-box device with concrete inside held in horizontal position using two removable 
side supports 83 

Figure 4.3 Results of T-box test carried out with 161 of SCC and tilted to both sides, (a) slump 
flow test for the SCC mixture, (b) state of SCC before the test, (c) state of SCC after 
the test in the side section, and (d) in the middle section 85 

Figure 4.4 Final configuration of T-box test 86 

Figure 4.5 Results of the final version of T-box test for an unstable SCC, (a) slump flow result 
for the sample, (b) VSI result, (c) tilt down side, and (d) tilt up side 87 

Figure 4.6 Results of the final version of T-box test for a stable SCC, (a) slump flow and VSI 
results for the sample, (b) tilt down side, and (c) tilt up side 88 

Figure 4.7 Schematic illustration of one cycle of T-box test final version, (a) initial and final 
positions, and (b) half-cycle position 88 

Figure 4.8 Penetration apparatus and its frame illustrated both separately and on the T-
box 91 

Figure 4.9 Penetration apparatus (penetrometer) and its frame 91 

Figure 4.10 Aggregate distributions after T-Box test (obtained from sieve washing - 120 
cycles of 2 seconds) 94 

Figure 4.11 Repeatability results of penetration assessment technique and their correlation 
with VI 95 

Figure 4.12 Relationship between the two indices of T-box test along with the zones of 
acceptable stability and segregation 97 

Figure4.13 U-tube device sketch 103 

Figure 4.14 U-tube setup placed under V-funnel 104 

Figure 4.15 preliminary results of U-tube test, V-funnel time is 5±0.5 sec for all points unless 
mentioned otherwise 106 

Figure 4.16 An example of coarse aggregate distribution after the U-tube test. The values are 
volumetric indices (SI) of each section 106 

Figure 5.1 Results of the CCD used to determine the effect of rheology on dynamic 
segregation using T-box for (a) PDG and (b) VI indices versus slump flow 113 

Figure 5.2 Results of the CCD used to determine the effect of rheology on dynamic 
segregation using T-box for (a) PDG and (b) VI indices versus V-funnel flow 
time 114 



Figure 5.3 Correlation between workability characteristics of mix designs used in rheology 
study and the corresponding rheological properties 116 

Figure 5.4 Raw data obtained from CCD used to determine the effect of rheology on dynamic 
segregation using U-tube for SI versus slump flow 118 

Figure 5.5 Raw data obtained from CCD used to determine the effect of rheology on dynamic 
segregation using U-tube for SI versus V-funnel flow time 118 

Figure 5.6 Effect of number and duration of cycles on dynamic segregation for VD1 mixture 
based on (a) PDG index and (b) VI of the T-box test 121 

Figure 5.7 Effect of number and duration of cycles on dynamic segregation for VD2 mixture 
based on (a) PDG index and (b) VI of the T-box test 122 

Figure 5.8 Effect of number and duration of cycles on dynamic segregation for VD3 mixture 
based on (a) PDG index and (b) VI of the T-box test 123 

Figure 5.9 Effect of number and duration of cycles on dynamic segregation for VD4 mixture 
based on (a) PDG index and (b) VI of the T-box test 124 

Figure 5.10 Effect of paste volume on dynamic segregation of SCC based on T-box test 126 

Figure 5.11 Effect of paste volume on dynamic segregation of SCC based on U-tube 
test 127 

Figure 5.12 Contour plot of ANOVA results for the effect of rheology on dynamic 
segregation 130 

Figure 5.13 Response surface plot of ANOVA results for the effect of rheology on dynamic 
segregation 131 

Figure 5.14 Relationship between PDG index and (a) yield stress, (b) viscosity 134 

Figure 5.15 Relationship between VI and (a) yield stress, (b) viscosity 135 

Figure 5.16 Relationship between SI and (a) yield stress, (b) viscosity.. .136 

Figure 5.17 Workability boxes for dynamic stability of SCC based on the PDG index of T-box 
test. 137 

Figure 5.18 Workability boxes for dynamic stability of SCC based on the VI index of T-box 
test 137 

Figure 5.19 Workability boxes for dynamic stability of SCC based on the SI index of U-tube 
test 138 

Figure 5.20 Variations of dynamic segregation (PDG) for a constant velocity of (a) VTheo=0.3 
m/s and (b) VTheo=0.15 m/s for mixtures with different workability 
characteristics 139 



xvi LIST OF FIGURES 

Figure 5.21 Comparison between the effect of velocity change and (a) V-funnel flow time, (b) 
slump flow on variations of dynamic segregation (PDG) 141 

Figure 5.22 Variations of VI with velocity for various mixtures of different workability 142 

. Figure B. 1 Normal plot of residuals for the PDG index analysis 161 

Figure B.2 Plot of residuals versus predicted for the PDG index analysis 161 

Figure B.3 Plot of residuals versus run number for the PDG index analysis 162 

Figure B.4 Plot of predicted values versus actual values for the PDG index analysis 162 

Figure B.5 Plot of outlier T versus run number for the PDG index analysis 163 

Figure B.6 Box-Cox plot for Power Transforms for the PDG index analysis 163 

Figure B.7 Normal plot of residuals for the VI analysis.... 168 

Figure B.8 Plot of residuals versus predicted for the VI analysis 168 

Figure B.9 Plot of residuals versus run number for the VI analysis 169 

Figure B.10 Plot of predicted values versus actual values for the VI analysis 169 

Figure B.l 1 Plot of outlier T versus run number for the VI analysis 170 

Figure B.12 Box-Cox plot for Power Transforms for the VI analysis 170 



LIST OF TABLES 
Table 2.1 Table 2.1 The criteria for VSI rating of SCC [ASTM C1611/C1611M-05, Standard 

Test Method for Slump Flow of Self-Consolidating Concrete, 2005] 29 

Table 2.2 Effects of proportioning and application variables on segregation of SCC [Daczko, 
2002] 41 

Table 2.3 Summary of changes in test parameters and DSI [Shen et al., 2009] 46 

Table 2.4 Segregation threshold of fresh SCC [Sonebi et al., 2007] 50 

Table 3.1 Chemical composition and physical properties of cement 69 

Table 3.2 Chemical and physical properties of supplementary cementitious materials 
(SCMs) , ....70 

Table 3.3 Properties of different chemical admixtures 73 

Table 3.4 SCC mixtures used for repeatability evaluation of penetration technique 74 

Table 3.5 SCC mixtures used to examine the effect of number and duration of cycles in T-box 
on dynamic segregation 75 

Table 3.6 SCC mixtures used to determine the influence of rheology on dynamic 
segregation 76 

Table 3.7 Mixtures used to assess the effect of paste volume on dynamic segregation 77 

Table 3.8 SCC mixing sequence 78 

Table 3.9 Test methods used in the experimental program 79 

Table 4.1 Repeatability results for penetration technique 96 

Table 4.2 Repeatability results for T-box volumetric index (VI) 99 

Table 4.3 Repeatability results for U-tube test (Vi) 109 

Table 5.1 workability and rheological properties of mixtures used in the rheology study 112 

Table 5.2 workability and rheological properties of mixtures used in the paste volume 
study 125 

Table B.l Sequential model sum of squares for the PDG index analysis 157 

Table B.2 Lack of fit tests for the PDG index analysis.: 157 

Table B.3 Model summary statistics for the PDG index analysis 158 

Table B.4 Analysis of variance (Partial sum of squares) for the PDG index analysis 158 

xvii 



xviii LIST OF TABLES 

Table B.5 Final equation factors for the PDG index analysis 159 

Table B.6 Diagnostics case statistics for the PDG index analysis 160 

Table B.7 Sequential model sum of squares for the VI analysis 164 

Table B.8 Lack of fit tests for the VI analysis 164 

Table B.9 Model summary statistics for the VI analysis 165 

Table B.10 Analysis of variance (Partial sum of squares) for the VI analysis 165 

Table B.l 1 Final equation factors for the VI analysis 166 

Table B.l2 Diagnostics case statistics for the VI analysis 167 



LIST OF ACRONYMS 
AEA: Air-entraining agent 

ANOVA: Analysis of Variance 

ASTM: American Society for Testing and Material 

CCD: Central Composite Design 

COV: Coefficient of Variation 

CSA: Canadian Standards Association 

DSI: Dynamic Segregation Index 

HRWRA: High-Range Water Reducing Agent 

LWA: Light Weight Aggregate 

LWAC: Light Weight Aggregate Concrete 

MI: Mass deviation Index 

PA: Penetration Apparatus 

PDG: Penetration Depth Growth 

SC: Segregation Coefficient 

SCC: Self-Consolidating Concrete 

SCM: Supplementary Cementitious Materials 

SI: Segregation Index 

SP: Superplasticizer 

SRFC: Segregation Ratio of Fresh Concrete 

SRHC: Segregation Ratio of Hardened Concrete 

SSD: Saturated Surface Dry 

VI: Volumetric Index 

VMA: Viscosity-Modifying Agent 

VSI: Visual Stability Index 

xix 



LIST OF ACRONYMS 



CHAPTER 1 

INTRODUCTION 

This chapter presents the general framework of the conducted research along with some basic 

definitions. A brief definition of Self-Consolidating Concrete (SCC) and dynamic stability, as 

these are two key terms in this project, are given in section 1.1. Section 1.2 deals with the 

definition and objectives of the present study. The necessity of carrying out this study is 

discussed in section 1.3. Section 1.4 presents the original contributions of this investigation to 

this area of research. Finally, in 1.5 a brief review of the organization of this document is 

provided. 

1.1 Definitions 

1.1.1 Self-Consolidating Concrete (SCC) 

The modern world construction is dominated by concrete structures which makes concrete the 

second most commonly used material after water. In its simplest form, concrete consists of 

Portland cement, water, and fine and coarse aggregate that after mixing hardens into a rock

like mass. Despite the enormous amount of concrete produced worldwide, concrete 

technology has advanced at a relatively slow pace and has been associated with a labour-

intensive technology including monotonous placement in the formwork [Bonen and Shah, 

2005]. 

This, however, is rapidly changing as the concrete industry is experiencing probably its 

greatest breakthrough through sustainable and prompt developments. Developing a material 

that flows due to its own weight through congested reinforcement and other obstacles and fills 

the formwork evenly without the need of labour, vibration, compaction, and finishing has been 

a far-to-reach objective for material engineers for years. That is exactly what self-

consolidating concrete, SCC (also referred to as self-compacting concrete) is all about; 

namely, a material that is capable of filling the formwork and encapsulating reinforcing bars 

I 
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solely through the action of gravity or its initial kinetic energy while maintaining its 

homogeneity [Khayat et al, 2004; Bonen and Shah, 2005]. 

In general, the main motivations for applying SCC are [Thrane, 2007]: 

• Structural quality 

The use of SCC reduces the risk of having non-filled zones, poor compaction, and an 

inhomogeneous air void structure. 

• Productivity 

It is possible to apply higher casting rates, reduce manpower, and leave out safety measures 

normally required to the formwork when vibrating conventional concrete. The productivity, 

though, must take into account the possibility of extra costs e.g. to tighten and design the 

formwork for higher formwork pressures. 

• Working environment 

Elimination of vibration significantly contributes to the improvement of work environment. 

For instance, recent results have shown that a concrete worker carrying out vibration 'is 

exposed to approximately 90 unhealthy lifts per hour, which is clearly above the 

recommended maximum of 20 lifts per hour [BriteEuram, Rational production and improved 

working environment through using self compacting concrete, 2000; Nielsen, 2006]. 

• Architectural design 

SCC introduces new possibilities into architectural design of concrete structures. There is a 

growing demand for increased individuality in structural design (a view which was presented 

by Rottig [Rottig, 2003] at a Nordic Mini-Seminar on "Form Filling Ability of SCC" under the 

topic" Industry and Individualism" [Thrane, 2004]). For example, in the post-world war II 

period a lot of effort was devoted to the pre-cast industry where the main target was to carry 

out construction at low costs, an effort which left out the individuality of craftsmen work. 

Nowadays, the stereotype appearance of these structures brings negative associations to many 

people's mind leaving the concrete industry with a serious image problem. 

The raw materials' cost of SCC is about 13%- 30% higher than that of conventional mixtures 

with similar mechanical properties [Schlagbaum, 2002; Martin, 2002]. Nonetheless, cost 

analysis shows that, even if the selling cost of SCC is reduced by a few percent, because of the 

decrease in labour and construction time, the profitability is increased by about 10% [Szecsy 

et al., 2002]. In addition, another unmatched advantage is the ability to cast heavily reinforced 
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elements and structures with a complicated geometry that otherwise are not attainable by any 

other conventional techniques [Khayat et al, 1997a; Walraven, 2002; Okamura and Ouchi, 

2003; Mullarky and Vaniker, 2002]. 

At last, it should be noted that SCC reduces the occurrence of bugholes, honeycombing, and 

other surface imperfections. The resultant aesthetic surface appearance then further reduces 

costs associated with patching and repairing surface imperfections. In view of the benefits 

associated with SCC, the original goal of increasing the durability has been altered. Currently, 

much of the attention is focused on the fresh and hardened properties and materials' cost 

reduction. This gives rise to numerous formulations with a wide range of properties [Bonen 

and Shah, 2005]. Nevertheless, as will be discussed in Chapter 2, desirable performance of 

SCC in hardened state significantly depends on its successful placement. In other words, the 

fresh properties of SCC highly influence its durability, mechanical properties, and structural 

performance. Hence, over the past few years researchers proposed various test methods to 

characterize workability of SCC in terms of deformability, passing ability, and stability. The 

three aforementioned properties are crucial in order to achieve self-consolidation. What is 

important here to notice is that with respect to stability, most of the available test methods 

evaluate the stability of SCC at rest, the so-called static stability, while the other aspect of 

stability, namely that over the flow of concrete called dynamic stability, has received little 

attention from the research community. The lack of knowledge and assessment tools for 

dynamic segregation could be an obstacle to the wider use of SCC meaning that this 

phenomenon needs to be studied more thoroughly [Khayat et al., 2004] 

1.1.2 Dynamic segregation 

Concrete may be regarded as a suspension of particles (coarse aggregates) dispersed in a 

matrix phase (cement paste). Due to the differences in their physical properties, these two 

phases naturally tend to separate both during the flow of concrete and afterwards when 

concrete is at rest (before setting). The first type of separation is referred to as dynamic 

segregation, and the second one is defined as static segregation. 

As cited, dynamic segregation refers to the situation where particles segregate during flow. 

Dynamic segregation seems to gradually evolve during flow over a relatively large scale of 

time and distance, or immediately after an impact, and is governed by the flow patterns and 
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the intrinsic properties of the suspension (rheology, etc.). It is worthwhile mentioning that in 

contrast to blocking, dynamic segregation is not caused by particle interactions with the solid 

boundaries [Thrane, 2007]. In other words, dynamic segregation and blocking are two 

different distinguishable important phenomena associated with the flow of concrete which 

should not be considered the same. 

Mortar or paste rich layers that are a result of dynamic segregation may lead to a higher 

shrinkage, lower strength, and a lack of rough surfaces. Phase separation during flow is of 

interest in many industries, and much attention has been paid to the so-called shear-induced 

particle migration where particles tend to migrate from regions of high shear rates to regions 

of low shear rates due to hydrodynamic interactions [Thrane, 2007]. Particle migration has 

been well documented from experimental studies in a tube flow domain, Couette flow domain 

(rotating concentric cylinders), and in a rectangular duct geometry [Goldsmith and Mason, 

1962; Karnis et al, 1966; McMahon and Parker, 1975; Sinton and Chow, 1991; Hampton et 

al., 1997; Altobelli et al, 1997; Han et al, 1999; Moraczewski et al, 2005; Gadala-Maria and 

Acrvos, 1980; Leighton and Acrivos, 1987; Graham et ai, 1991; Abbott et al., 1991; Chow et 

al., 1994; Tetlow et al, 1998; Koh et al., 1994; Shauly et al., 1997]. In pressure driven tube 

flow, the particles tend to migrate towards the tube axis where the shear rate is minimal. In the 

Couette domain (rotating concentric cylinders) particles migrate towards the outer wall where 

the shear rate is minimal. 

From both a theoretical and practical point of view, to date, limited fundamental research on 

dynamic segregation of SCC has been carried out [Shen, 2007; Saak et al., 2001; El-Chabib 

and Nehdi, 2006; Sonebi et al., 2007]. On the contrary, most studies have focused on static 

stability both theoretically in form of the static resistance of either a single or group of 

particles in a static paste material with a yield stress [Beris et al., 1985; Saak et al., 2001; 

Bethmont et al, 2003; Roussel, 2006] and practically by means of test method developments 

[Khayat et al., 2007; Shen, 2007; El-Chabib and Nehdi, 2006]. 

In order to extend the understanding of dynamic segregation and potential modelling of it, it is 

likely that it can be back-traced to the combined effect of shear-induced particle migration and 

gravity-induced segregation due to differences in density. In other words, separation of 

aggregates occurs simultaneously in the directions both parallel and perpendicular to the flow 
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direction. This, however, is not in full agreement with some of the works that can be found in 

literature in which dynamic segregation is considered either only in the direction of flow 

(mainly horizontal) [Shen, 2007] or in the direction perpendicular to flow (mainly vertical) 

[Saake/a/., 2001]. 

1.2 Definition and objectives of the research project 

This research project was defined with the purpose of establishing a comprehensive 

understanding of the dynamic segregation phenomenon in SCC. Dynamic segregation in SCC 

remains one of the least understood phenomena. Thus, the question in this research work is 

"How can the dynamic segregation of SCC be evaluated and prevented? What are some of the 

factors affecting dynamic segregation?" 

To study the segregation of SCC, accurate and reliable test methods are necessary. Hence, the 

specific objectives can be expressed as: 

a. Seeking new test methods for evaluating dynamic segregation of SCC. Considering the 

current knowledge of fluid mechanics and modeling capacities of available computers, 

a favourable method to examine and predict dynamic segregation of SCC in a timely 

practical manner is by designing test methods capable of simulating the phenomenon. 

b. Determining the effective placement and mix design parameters influencing dynamic 

segregation of SCC. This can enable better comprehension of this problem and to find 

means to minimize dynamic segregation. 

According to the preceding lines, this project comprises two main phases: 

1. Phase I: Test methods development- Using both theory and experiments to develop test 

methods to assess dynamic segregation (devices & procedures). In this respect, using 

principles of fluid mechanics and governing rules of segregation known from concrete 

technology, a number of test setups is designed as a first step. Afterwards, the best 

methods to use this device as a dynamic segregation test would be selected. Then, the 

validity and proficiency (capability of inducing segregation) of the various test 
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apparatuses and procedures would be examined by running tests using SCC mixtures 

ranging from stable to segregating mixtures. The stability of the mixtures at this step is 

basically determined by means of the rheological properties, mainly characterized by 

the slump flow, V-funnel time, and Visual Stability Index (VSI). Several SCC mixtures 

must be examined at this step in order to assure that the tests are following a certain 

trend and are repeatable as well. Two test methods were developed in this phase. 

2. Phase II: Parameter study- Identifying the influencing parameters on dynamic 

segregation of SCC using the proposed tests. When a test method is approved, attempts 

are then made to determine the effective parameters on dynamic segregation by means 

of various groups of SCC mixtures. In this regard, in each group a certain factor, such 

as aggregate properties, rheological parameters, and flow rate will be changed so that 

the effect of the varying factor could be properly examined. Hence, the test response 

will be determined for all SCC mixtures in each category, and based on the comparison 

of these outcomes, the effect of the parameter under study could be understood. 

1.3 Research significance 

The stability of fresh concrete has always been an important issue in the field of concrete 

technology. As mentioned in 1.1.2, static stability has been a common matter of research 

interest. However, the other aspect of stability, i.e. dynamic segregation has received little 

attention from research community. Self-consolidation could be achieved if the concrete has 

three essential criteria: high deformability, high passing ability, and high resistance to 

segregation [Khayat et al., 2004]. The latter includes stability during flow (dynamic) and that 

of concrete after casting while concrete is still in a plastic state (static stability). Hence, it is 

quite obvious that in the case of SCC, dynamic segregation is crucial to be studied. 

The dispersion of aggregates in cement paste must always maintain uniformity, namely 

concrete must remain homogeneous during all processes it undergoes before final setting. If 

the uniformity of the dispersion of aggregates in cement paste is disturbed, SCC loses its 

desirable hardened properties. For instance, a segregated concrete has a lower compressive, 
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tensile, and flexural strengths. In addition, bond to reinforcing bars and durability of 

heterogeneous concrete are also lower compared to that of homogeneous concrete [Khayat, 

1998; Khayat et al., 2001]. 

In the case of highly-fluid concrete, such as SCC, segregation problems are considerably more 

severe due to the low yield stress and sometimes low viscosity of the paste. Consequently, 

evaluating dynamic stability by means of reliable tests and predicting its behavior during form 

filling becomes more urgent. 

During the last few years the output of some tests, such as Slump flow and visual assessment 

(VSI), J-ring, L-box, U-box, and V-funnel, are somehow used to evaluate the dynamic stability 

of SCC [Khayat et al., 2004]. However, these tests are cannot appropriately simulate what 

occurs during dynamic segregation phenomenon. As a result, some researchers have recently 

proposed new tests to assess dynamic segregation of SCC; each of which can be considered a 

satisfactory dynamic segregation test in some ways [Shen, 2007; El-Chabib and Nehdi, 2006; 

Sonebi et al., 2007]. Thus, there is still a serious need for an appropriate test method to be 

developed in order to enhance the applicability of this high-performance material. 

Based on the above discussion, the research project presented in this thesis was defined to 

address the objectives described in 1.2. 

1.4 Original contributions 

The main original features of this master thesis can be summarized as follows: 

• Develop and validate of two test methods to evaluation of dynamic segregation of 

SCC. 

• Determine of the effect of key parameters pertaining to SCC composition, properties, 

and casting conditions. 

• Develop better understanding of the phenomenon of dynamic segregation. 
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1.5 Outline of the thesis 

The thesis is divided into six chapters. The contents of the chapters are described below: 

• Chapter 1: "Introduction" 

SCC is defined and its pros and cons are summarized. Afterwards, the problem of 

dynamic segregation is briefly discussed. The definition of the project and its 

objectives are presented. 

• Chapter 2: "Background" 

Dynamic segregation is defined and discussed in terms of physical phenomenon and 

theoretical formulations. Subsequently, the current test methods to evaluate dynamic 

segregation are presented and their pros and cons are discussed. Finally, some of the 

research works carried out on dynamic segregation is discussed. 

• Chapter 3: "Experimental work" 

This chapter describes the experimental program carried out in this project, namely the 

properties of the materials used, the mix designs of the studied concretes along with 

the mixing procedure, and tests used to characterize workability of SCC. 

• Chapter 4: "Development and validation of dynamic segregation test methods" 

Dynamic segregation test methods are described, and test procedures are elaborated. 

The repeatability and limitations of each test method is then discussed. 

• Chapter 5: "Parameters affecting dynamic segregation" 

The effect of certain parameters that can influence dynamic segregation of SCC 

presented. This includes Ihe effects of flow distance, flow velocity, rheology, and paste 

volume. 

• Chapter 6: "Conclusions, recommendations, and future work" 

Based on the results of previous chapters, conclusions are shown herein concerning the 

adequacy of the proposed tests and the problem of dynamic segregation of SCC. 

Recommendations on the control of dynamic segregation of SCC are presented along 

with the future research and perspectives. 



CHAPTER 2 

BACKGROUND 

Dynamic segregation is discussed in this chapter in terms of understanding of the physical 

phenomenon, how it may be evaluated, and some of the influencing parameters. Section 2.1 

presents an overview of the physical aspects of dynamic segregation as well as some 

theoretical analysis of this occurrence. Section 2.2 is about current test methods used to assess 

directly or indirectly dynamic segregation. Finally, section 2.3 summarizes the results of some 

of the research works carried out by several researchers pertaining to the factors influencing 

dynamic segregation of SCC. 

2.1 Dynamic segregation phenomenon 

2.1.1 Physical explanation 

As mentioned in 1.1.2, dynamic segregation occurs during flow of concrete. In order to better 

understand the physical principles associated with this type of segregation, it would be helpful 

to first review the flow of SCC inside a reinforced formwork (as a general .case) and compare 

the two main phenomena taking place during such flow, namely dynamic segregation and 

blocking. 

Blocking is defined as accumulation of aggregates behind reinforcement bars and/or between 

bars and formwork. Such phenomenon is mainly caused by the physical interactions between 

aggregates and solid obstacles in the flow path. As a result, blocking contributes to 

accumulation of aggregates around the reinforcement or in the corners of formworks. The fact 

that fresh concrete displays a yield stress has a direct consequence on the shape of the mixture 

at stoppage in the vicinity of the obstacles meaning that the profile of concrete surface around 

reinforcing bars is not always a direct consequence of aggregate accumulation due to blocking 

[Roussel, 2007; Roussel et al., 2005; Roussel and Coussot, 2005]. For instance, consider the 

crossing of an obstacle by a purely viscous fluid; the material would self level under the effect 

9 
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of gravity. Gravity would indeed induce a pressure gradient in the fluid if the upper surface of 

the material is not horizontal. This pressure gradient would generate a shear stress in the 

material that would create a shear rate and force the material to flow until the upper surface 

becomes horizontal, and the pressure gradient at the origin of the flow has disappeared. The 

viscosity of the material would only play a role on the time needed to obtain a horizontal 

surface. In the case of a yield stress fluid, such as concrete, gravity also generates a shear 

stress. However, if this shear stress, which is a complex function of the obstacle geometry, 

becomes lower than the yield stress of the concrete, flow stops before the concrete can self 

level [Roussel et al., 2009]. This effect has been quantified in the case of the L-Box test with 

and without steel bars, and it is demonstrated that the thickness variation (hi-hj) between the 

case with bars and without bars is of the order of 3xo/pg, where ro and p are the yield stress and 

the density of the tested SCC, respectively [Nguyen et al., 2006]. For traditional SCC (or 

semi-SCC), with a yield stress of the order of 100 Pa, this variation is on the order of 10 mm. 

This value was validated by Roussel et al. [Nguyen et al., 2006] by means of testing stable 

limestone filler suspensions that did display a yield stress of the same order as SCC, but the 

constitutive particles of which were too small to create a granular blocking in the vicinity of 

the obstacle. This also explains why there exists, even for stable concretes which do not 

display any granular blocking, a systematic difference between slump flow and J-Ring test 

[Tam et al., 2005; Ng et al, 2006]. It is interesting to note here that, in [Tam et al., 2005], all 

the measurements of slump flow- J-ring differences and conclusions based on such 

observations may be explained by the yield stress variation between the various tested 

concretes and that there is no granular blocking at all to cause the such differences. Thus, this 

should not be confused with the concept of blocking. 

Figure 2.1 illustrates two different form filling scenarios. In Figure 2.1a, the concrete remains 

homogeneous during casting, while in. Figure 2.1b uniform aggregate distribution is 

compromised due to blocking of aggregates. 

Compared to blocking, dynamic segregation is not caused by particle interactions with the 

solid boundaries. Instead, dynamic segregation seems to gradually evolve during flow over a 

larger scale of time and length or due to an impact. Moreover, it has to be kept in mind that the 

coarsest particles in the concrete are submitted to gravity and are immersed in a fluid with a 
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lower density, and of viscosity possibly too low to lower the rate of settling or segregating 

within the flow duration. If concrete is at rest, it has been demonstrated that it is the yield 

stress of the cement paste that may prevent these coarse particles from settling [Roussel, 

2006]. When concrete is flowing, the drag force exerted by the suspending fluid (mortar or 

cement paste depending on the multi-scales frame chosen [Roussel et al., 2007]) on each 

particle has to be high enough to "carry" the particles. 

© Reinforcement 

Inlet 

«• 

(a) 

0 Reinforcement 

• Aggregate 

(b) 

Figure 2.1 Illustration of two form of filling situations with SCC: (a) the concrete remains 
homogeneous during form filling; (b) the heterogeneous flow phenomena of blocking occurs, 

i.e. aggregates are retained due to interactions with the reinforcement 

If the studied concrete is not stable, then the presence of the obstacle could increase 

segregation effects. Indeed, it is a known feature of suspensions that particles migrate from 

high shear rates zones to lower shear rates zones [Ovarlez et al., 2006]. The flow perturbations 

induced by steel bars locally increase these shear rate gradients and can thus increase shear-

induced segregation. Although the above phenomenon, namely dynamic segregation, does not 
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lead directly and systematically to granular blocking, it can strongly affect the distribution and 

volume fraction of coarsest particles at the vicinity of the obstacles [Roussel et al., 2009]. 

According to the preceding discussion, dynamic segregation and blocking are not dependent 

on each other. Nevertheless, the presence of one can magnify the other as both phenomena 

share a common underlying reason: low yield stress of the paste material. Hence, occurrence 

of dynamic segregation is not necessarily dependent on the presence of obstacles, but it is 

rather a function of existing shear rates and flow patterns. For instance, as will be seen in 

Chapter 4, there are no bars in the developed test devices, yet severe segregation could occur 

during the test. However, dynamic segregation could be amplified by the presence of obstacles 

that can induce shear rate in the vicinity of the aggregates. Figure 2.2 illustrates two different 

form filling situations. 

Inlet 

(a) 

Met 

(b) 

Figure 2.2 Illustration of two form filling situations with SCC, (a) the concrete remains 
homogeneous during form filling, (b) The heterogeneous flow phenomena of dynamic 

segregation has occurred, which results in a top and a front layer without particles 
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In Figure 2.2a, the concrete remains homogeneous during casting, while in Figure 2.2b, the 

uniform aggregate distribution is compromised due to dynamic segregation. 

Having explained the difference between blocking and dynamic segregation, the latter is now 

put under the spotlight. Concrete can segregate in vertical direction, horizontal direction, or a 

combination of both. During the plastic state of concrete which corresponds to concrete cast in 

place until it starts to set, segregation mostly takes place in the vertical direction. 

Typical static segregation is observed as greater volume of aggregate particles appear near the 

bottom of the cast section and mortar layer appearing near the top of a concrete sample. Over 

the flowing state of concrete, segregation occurs in an inclined direction relative to the flow 

orientation. However, in most of the works carried out on dynamic segregation of SCC up to 

this date, either experimentally or analytically (modeling), segregation is only considered 

either horizontal or vertical. 

Shen et al. [Shen, 2007; Shen et al., 2009] define dynamic segregation as separation of coarse 

aggregates and paste/mortar in the flowing direction (mainly horizontal) when the concrete 

spreads. The test method proposed to quantify dynamic segregation is designed in a way that 

segregation can only occur in a horizontal direction resulting in a region in front of the flow 

with less coarse aggregate content (or more mortar). On the contrary, Saak et al. [2001] took 

into account a vertical dynamic segregation when developing a new segregation-based 

methodology for designing SCC. By the same token, Hassan El-Chabib [2006] and Sonebi et 

al. [2007] proposed some dynamic segregation tests that are capable of evaluating dynamic 

stability of SCC in the vertical direction. Thrane [2007] and Bui [2002] in developing a 

dynamic segregation test from the L-box test assume that dynamic segregation takes place in 

both horizontal and vertical directions. 

It should be noticed that since dynamic segregation phenomenon occurs during flow of 

concrete, it is quite complicated to explain its underlying mechanism. However, a simplified 

explanation could be that when SCC is flowing, on one hand, due to the suspension nature of 

concrete, shear rates induced inside the suspending medium (mortar) prevent the inclusions 

(coarse aggregates) from uniformly travelling with the suspending fluid. Thus, as the flow 

proceeds, aggregates develop a different velocity than mortar which causes separation between 
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the two phases. On the other hand, in most parts of the concrete the yield stress of the mortar 

is exceeded (at least in the vertical direction). As a result, if the aggregate is heavy enough to 

overcome the buoyant force exerted by the mortar (or cement paste), it starts to fall down 

resulting in a reduction of the aggregate velocity in the flow direction relative to mortar which 

again contributes to the segregation. With regards to an impact such as the one that occurs 

after a freefall, it could be similarly explained that right after the impact, coarse aggregates 

and mortar develop different velocities (mostly due to their density difference) which leads to 

a separation or segregation between them. Hence, the difference between the velocities of 

coarse aggregates and mortar is considered to be the main source of occurrence of dynamic 

segregation. 

Consequently, the most comprehensive approach to be used when modeling or designing a test 

method for the assessment of dynamic segregation is the one that takes into consideration the 

segregation in both the horizontal and vertical directions which is the approach adopted in this 

project for the design of test methods. 

2.1.2 Theoretical analysis 

Dynamic segregation is a complicated phenomenon to be formulated and simulated either 

analytically or numerically. However, some research work pertaining to the analysis of this 

phenomenon, either for concrete or some other non-Newtonian suspensions can be found in 

the literature. It must be borne in mind that such works by no means capture the entire 

phenomenon occurring though, and all use utterly simplified approaches. 

1) Saak et al. [2001] proposed a new segregation-controlled design methodology for SCC. As 

part of that paper, the authors presented a brief simplified analysis of dynamic segregation by 

means of simple principles of fluid mechanics. Note that this analysis is for the flow of a 

cement paste containing one spherical particle in it. 

It is assumed that during placement, the yield stress of cement paste is exceeded, and that the 

concrete begins to flow at a low shear rate. The ratio between the stress r required for the 

material to flow at a given shear rate y and the shear rate itself is called apparent viscosity, or 

simply viscosity rj 
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(21) 

If the density of the solid particle is greater than the density of the matrix, segregation will 

occur to some extent. If the viscosity of the matrix is high enough, however, the velocity of the 

falling particle will be so slow that segregation, for all practical purposes, is avoided. Figure 

2.3 presents a schematic illustration of the problem. 

Ceflwnt PmU Matrix 

Gravitation 4 Force 

V 

A A 
Buoyant Force Re*totia| Foree 

Figure 2.3 Representation of aggregate suspended in cement paste. Restoring forces must be at 
least equal to gravitational and buoyant forces to avoid particle segregation [Saak et al., 2001] 

In this dynamic case, the restoring force is replaced by a drag force given by: 

F<trag = Q)Pm (2-2) 

where Co is the drag coefficient, pm is the matrix density, Ap is the particle cross sectional area, 

and v is the constant terminal falling velocity of the particle (that is, the particle is not 

accelerating) [Franzini and Finnemore, 1997]. The terminal velocity can be expressed as: 

where Ap is the difference between the densities of particle and the matrix and rp is the particle 

radius. 
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To avoid segregation, the terminal velocity of the falling particle should be minimized. The 

drag coefficient is related to the particle Reynolds number (Re) at a specific terminal velocity. 

The Reynolds number is a measure of the energy dissipated by viscous effects [Levenspiel, 

1986]. Classically, it is defined as the ratio of inertia to viscous forces [Lydersen, 1979]. The 

Reynolds number of a sphere is defined as: 

Re = £K=2 (2.4) 

where rj is the viscosity of the matrix [Levenspiel, 1986]. 

The relationship between the Reynolds number and the drag coefficient for a sphere is given 

in Figure 2.4. At high Co, the terminal velocity of a falling sphere is low (that is, segregation 

is avoided). Based on Figure 2.4, this condition results in a low Reynolds number, or 

equivalently, a high paste viscosity. Since the terminal velocity is also a function of the 

density difference between the cement paste matrix and aggregate, both the viscosity and 

density of the cement paste matrix control aggregate segregation during dynamic flow 

conditions [Saak et al., 2001]. 

The theory introduced previously for a single particle in an infinite matrix is obviously not an 

accurate picture of real concrete. The fine aggregate particles in concrete will segregate at a 

lower paste yield stress and viscosity than the largest coarse aggregates. Thus, the fine 

aggregates place an additional upward force on the coarse aggregates, hindering segregation 

(lattice effect) [Shen, 2007]. Finally, the aggregate particles are not spherical, leading to an 

even more complicated system to model from a fluid mechanics viewpoint. 

Unfortunately, there are no fundamentally sound theoretical models for determining the 

segregation of particles in highly concentrated suspensions like concrete [Franzini and 

Finnemore, 1997]. The best way to determine the segregation resistance of such materials is 

by experiment Levenspiel [1986]. 
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Falling Sphere 

Reynold* Number (R J 

Figure 2.4 Relationship between Reynolds number (Re) and drag coefficient (Co) for a sphere 
[Franzini and Finnemore, 1997] 

2) He et al. [2001] addressed the hydrodynamic theory of particle movement in non-

Newtonian fluids from a rheological point of view. The shear rate due to particle-to-fluid 

relative movement, the particle Reynolds number in non-Newtonian fluids and a general form 

of Stokes' equation for non-Newtonian fluids are the main outcome of their work. It should be 

noted that the aforementioned research does not concern concrete, but is about suspensions 

with solid phases comparatively finer than that of coarse aggregate phase of concrete. 

Following is a summary of their analysis. 

To identify and interpret the influence of individual rheological parameters on particle 

movement, the hydrodynamics of particle movement in non-Newtonian fluids must be 

determined. For non-Newtonian fluids, the standard definition of Reynolds number, 

Re= udp/tj, does not apply. The formulation of a modified Reynolds number, Rem, capable of 

reflecting the type of rheological behaviour is required. In this way, the relationship between 

drag coefficient (Co) and Rem can be used to describe the influences of non-Newtonian 

rheological parameters on particle movement. Thus, it can be seen that as opposed to [Saak et 

al., 2001], here it will be shown that even during the flow, yield stress could still contribute to 

the vertical settlement of particles in a non-Newtonian suspension, and the assumption that its 

effect could be completely neglected might not be always true. 
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Ansley and Smith [Dedegil, 1987; Ansley and Smith, 1967] used dimensional analysis to 

derive the following general relation between the variables for a Bingham plastic fluid 

= 0 (• ̂  (2.5) 
vPi vnPu 

The first dimensionless term, dup/rjpi, is analogous to Reynolds number; the second term, 

ch(/u tjpi, represents the influence of yield stress, to. However, Ansley and Smith did not show 

how the two-dimensionless parameters could be combined in a single parameter analogous to 

the Reynolds number. Different forms of modified particle Reynolds numbers, Re„, have been 

formulated from hydrodynamic considerations by various researchers. These modified 

Reynolds numbers are all formulated for Bingham fluids. Although presented in various 

forms, they can all be generalised as follows [He, 1994] 

Rem = nP i+ (rp i /ku/d) ( 2 , 6 )  

Where k is a shear rate constant reflecting the thickness of the boundary layer. The apparent 

viscosity is defined as the slope of a line from the origin that intercepts the flow curve at a 

specific shear rate. For a Bingham fluid the apparent viscosity is expressed as 

V a  =  = r , p l + ' f  (2.7) 

Thus, from a rheological perspective, the denominator of Eq. (2.6) is fundamentally the 

apparent viscosity, and the term ku/d is the shear rate, D. ku/d is, in fact, the shear rate induced 

by the particle-to-fluid relative movement. Substituting Eq. (2.7) into Eq. (2.6) yields the 

following expression for the modified Reynolds number for particle movement in a non-

Newtonian Bingham fluid: 

Rem = (2.8) 
la 

The developed modified Reynolds number can be verified using Dedegil's data [Dedegil, 

1987]. Dedegil found that the experimental data points for spheres settling in Bingham fluids 

are severely scattered in the Co-Re graph where Re = dup/tjpi as shown in Figure 2.5a. When 

the Re is replaced by Rem (Eq. (2.6)), the data points converge on a single curve similar to the 

Co-Re relationship for Newtonian fluids (Figure 2.4) as seen in Figure 2.5b. The severe 
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scattering in Fig. 2.5a suggests the strong influence of yield stress on particle movement in 

non-Newtonian fluids then. 

Finally, [He et al, 2001] presented a terminal velocity for settlement of a particle in a 

Bingham fluid: 

, _ giP-6)  
~r+ tp< - ~1T~ (2.9) 

which is different from Eq. 2.3 proposed by Saak et al. [2001] and should be presumably more 

accurate. [He et al., 2001] reports that as the solid phase aggregate size decreases, the effect of 

yields stress increases. Consequently, such effect in a suspension like concrete might be less 

considerable, yet not to be totally neglected. 
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Figure 2.5 (a) Correlation between drag coefficient and Reynolds number without taking yield 
stress into account (data from Dedegil [Dedegil, 1987]), (b) Correlation betweenjdrag 

coefficient and Reynolds number taking yield stress into account as expressed in Eq. (2.6) in 
which D = u/d [He et al., 2001 ] 

3) Song and Chiew [1997] investigated the effect of velocity on the settling characteristics of 

coarse particles in a moving Bingham fluid. The first part of their experiments conducted in a 

recirculating rectangular pipeline showed that the thickness of the deposited coarse particles 

contained in the Bingham fluid with fine aggregate concentrations larger than the critical value 

(a volumetric concentration for which the settling velocity of coarse particles is 0 at rest) 

increases when the flow starts to move. The increase continues until a critical velocity, beyond 
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which the thickness of deposition decreases. When the velocity is further increased to another 

critical value, all the particles in the flow are suspended. 

In the second part, further analysis of the concentration distribution of coarse particles 

revealed that the Bingham structure is affected by the flow conditions. For fluids with a low 

fine particle concentration (below the critical value), a small velocity (turbulence) increases 

the Bingham yield stress, resulting in a reduction of the settling velocity of the coarse 

particles. As opposed to that, a high velocity (turbulence) destroys the Bingham structure of 

the fluid and increases coarse particle settlement. For flows with higher fine sediment 

concentration, as cited earlier, the velocity (turbulence) weakens or destroys the Bingham 

structure and the settling velocity of coarse particles increases until the critical velocity above 

which the aggregates are suspended again. 

4) Shen et al. [2009] developed a numerical model based on rheology and fluid dynamics to 

calculate dynamic segregation in the test apparatus they designed to quantify this 

phenomenon. The geometry of the test device, called flow trough, and the forces acting on the 

control volume they considered are shown in Figure 2.6. 

The test measures the change in coarse aggregate content in an SCC mixture during flowing 

through the trough, which is 1.8 m in length and inclined at 7 degrees to the horizon. The 

coarse aggregate content is measured by sieving the fresh concrete using a 4.8 mm (No. 4) 

sieve. From this measurement, the dynamic segregation index is calculated as: 

DSI = (CA2 - CAl)/CA1 (2.10) 

where CAi is the mass of coarse aggregate in the SCC (measured in a standard volume of 

concrete), and CA2 is the mass of coarse aggregates in SCC (measured in the same volume) 

that has flowed through the trough (near the opposite direction of the casting location). 

Several assumptions were made in the analysis presented by Shen et al. [2009] 

• Aggregates are spherical, which simplifies the mathematic formulation. 

• There are three aggregate classes (sand, midsize, and coarse aggregate), each with a 

single radius rt. This assumption can also simplify the equations. 
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• The third assumption is that there is no tumbling of the aggregate or concrete during 

the flowing process. This assumption appeared reasonable based on close observation 

of both laboratory and field tests. Upon discharge from the pump, SCC flows in a thin 

layer (about the size of one or two top-sized coarse aggregate particles) by sliding 

rather than by tumbling through the formwork. 

Figure 2.6 Flow trough for dynamic segregation [Shen et al., 2009] 

The analysis reflects certain other observations made during the course of that study: 

• All coarse aggregates moved together, even if their sizes were different. This was true 

except for a few large aggregates (>25 mm), which experienced static segregation and 

settled down to the bottom at the beginning of the flowing process. Such large coarse 

aggregates, however, typically make up only a few percent of the total aggregate 

contact and do not substantially affect the results. 

• Paste moved faster than coarse aggregate and dragged the coarse aggregate forward. 

Paste flowing faster than aggregate always appeared to be the cause of dynamic 

segregation. 

Three forces were considered in the analysis of segregation: 

1- The drag force exerted by the paste on the aggregate (both coarse and fine particles) 

2- The frictional force exerted by the trough 

4MS 

CA2 CAl 
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3- The gravitational force 

Drag force was computed based on the theories of Kishitani et al. [1980]. The drag force 

acting on a single spherical particle suspended in a fluid phase is given there as: 

F = 12nr]plAV + 7n2r2T0 (2.11) 

where r is the particle radius; rjpi is the plastic viscosity of the fluid; AV is the velocity 

difference between the particle and the fluid, calculated from the initial conditions and forces; 

and to is the yield stress of the fluid. For particles with volume fraction <p and size r, the total 

number of particles in a volume with dimensions a, b, and c (height, width, and length) is 

3abc<p/ (4itr3). Inserting this expression into Eq. (2.11) gives the total drag force on the 

particles: 

FP = 3abc<p/4nr3(12nrriplAV + 7n2r2x0) (2.12) 

In concrete, the drag force by paste on three aggregates with volume fractions ^/, tp2, (pi and 

radii ri, r2, and rs is therefore given by: 

Fa = abc(pr,pl*V (a +1 + Sf) + rt!r021/4 (f* + & + **)) (2.13) 

The frictional force acting by the trough on the aggregate, TA, was calculated from the total 

mass of aggregates and the buoyancy force of paste on aggregates as: 

Ta = uabc(cos(7))&pg (<pt + <p2 + <p3) (2.14) 

where Ap is the density difference between the aggregates (sand and coarse aggregates) and 

cement paste, g is gravitational acceleration, and u is the frictional coefficient of aggregates on 

the flowing surface (for flow trough, it was experimentally found that u has the value of 0.77). 

The frictional force acting by the trough on the paste, TP, was calculated as: 

Tp = bc(nplVp + To) (2.15) 

where VP is the velocity of the paste, calculated from the initial conditions and forces. In the 

analysis leading to Eq. (2.15), the authors used paste shear stress instead of a frictional 

coefficient as in Eq. (2.14) because they assumed that the trough is covered by a thin layer of 
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paste, so paste is sliding on paste. The gravitational force acting on aggregates due to the 7-

degree slope of the trough, Ga, was calculated as: 

= mAg(sin(7)) (2.16) 

where rriA is mass of aggregate. The gravitational force acting on paste, Gp, was calculated in 

the same way. 

The model was implemented using a mathematical computing program (details of the code are 

provided in [Shen, 2007]). The program computed the initial accelerations of aggregate and 

cement paste from the force equations given above and from Newton's Second Law. Then, 

based on initial conditions, the program computed velocities of aggregate and paste as a 

function of time. Finally, the program integrated the velocities to compute travel distances of 

aggregate and paste as a function of time. From these values, it computed a dynamic 

segregation index (DSJ). The program presented the DSI as a function of travel distance in the 

form of a graph. The input parameters for the model are initial concrete velocity; slope of the 

trough; the density, size, and volume fraction of each aggregate; and the plastic viscosity, 

yield stress, and density of the paste. A summary of the outcome of their simulation is 

presented in section 2.3. 

5) Finally, the mechanism of segregation during the filling of fresh concrete into formwork is 

numerically investigated by Bilgil et al. [2005]. A mathematical model, which considers fresh 

concrete as a non-Newtonian fluid, is developed. The aggregates are considered as Lagrangian 

particles whose trajectories determine segregation. The study presented shows the relationship 

between viscosity and segregation during the filling of a formwork with fresh concrete. The 

model uses slump values and theological properties of concrete during form-filling of fluid 

concrete. 

The scenario is that normal-fluid (ordinary) concrete with different slump and W/C is filled 

from the bottom of the formwork at different inlet velocities. The fresh concrete is assumed to 

behave as non-Newtonian fluid. A group of particles are introduced at the formwork inlet and 

segregation is studied through the trajectories of these particles. The particles are allowed to 

change momentum with the continuous phase. The rheological properties of the fresh concrete 

are obtained from Ferraris and de Larrard [1998]. The results of the study provide information 
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on how to define the relationship between viscosity and aggregate segregation during the 

filling of a formwork with fresh concrete. The cylindrical formwork has a uniform internal 

section (Figure 2.7). The plastic form of fresh concrete flows inwards from the bottom of the 

formwork and progressively rises in the formwork forming a free surface. The height and 

radius of the formwork are chosen as different heights and 0.30 m, respectively. Fresh 

concrete which has a density of 2400 kg/m3 is employed as the plastic form. 

i 

Formwork wall 

t 
inlet 

Figure 2.7 Schematic of test problem considered (cylindrical formwork) [Ferraris and de 
Larrard, 1998] 

A mathematical representation of the formwork filling process requires solution of the 

equations governing the conservation of mass, momentum along with constitutive equation 

representing the slurry behaviour and particle dynamics. 

The governing equations for a formwork filling of a plastic form system can be expressed in 

cylindrical co-ordinates as: 

Continuity equation 

;£(pr»r)+£(pv«) = 0 (2.17) 

Axial momentum 

P(^ + v^+v^) = 4^(rf)+§]-g + Pfc (2,8) 

Radial momentum 
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fdvT  dvT  , dvr\ \d ( \d ,  .A , 32vrl dp 1 < V l  

PC-5T+v'-5r+v'-ir) = (219) 

where v is the radial velocity, r is the radial coordinate and p is the static pressure. 

Rheological behaviour of cement paste is expressed by Herschel-Bulkley equation: 

x = Tq + ayb (2.20) 

where t is the shear stress, y is the shear rate imposed on the sample, to' is the yield stress, a 

and b are new characteristic parameters describing the rheological behaviour of the concrete. 

However, plastic viscosity cannot be calculated directly. By Ferraris et al. [2001] the yield 

stress is calculated by the Herschel-Bulkley equation, while the viscosity is calculated using 

the following equation: 

The evolution of the particle position Zp is determined from the solution of the following 

equation proposed by Mat et al. [1999]: 

in which wp is the particle velocity vector, obtained from the following particle momentum 

equation: 

where mp is the mass of particle, Dp is the drag function, Vp is the volume of particle, p is the 

pressure, w is the continuous phase velocity and bf is the buoyancy factor. Drag function Dp 

can be expressed as [Fueyo et al, 1992]: 

where Ap is the particle projected area and Co is the drag coefficient. Co is calculated from a 

correlation developed by Clift et al. [1978]: 

(2.21) 

mPl? = Dp(w - wp) + mpbg - VpVp (2.23) 

D P = IP pAPCd\W-WP \2  (2.24) 

CD = — (1 + 0.15J?e°-687) + 
" R e  1.425xl04Ue-1-16 

0.42 (2.25) 
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where Re is a particle Reynolds number defined as: 

Re=tafe (2.26) 
V 

where v is the kinematics viscosity of the continuous phase and dp is the particle diameter. 

The buoyancy factor is given as: 

6' = (1-g) <2-27> 

Initial and boundary conditions considered are: 

a) The formwork is initially assumed to be filled with a quiescent gas (air); 

b) The semi-solid slurry is allowed to fill the formwork at t> 0; 

c) Only half of the formwork is considered due to symmetry at the formwork axis; and 

d) The formwork wall is assumed to impermeable and a no-slip condition to be valid on 

the wall. 

t = 0: v = w = 0 (2.28) 

t > 0 at r > 0 : ^ ^ = 0 (2.29) 
dr dr v  

at r = r0 • v = w = 0 (2.30) 

at z = 0 : w = Vin (2.31) 

The governing equations are solved numerically with a fully implicit, finite domain scheme 

embodied in the PHOENICS [Rosten and Spalding, 1986] code. Since the mold-filling 

operation involves a free surface or the interaction of two distinct media (slurry and air) 

separated by sharply deformed interfaces, the discretization of the governing equation with a 

conventional upwind scheme usually results in a false numerical diffusion, a van Leer scheme 

[Van Leer, 1977] is employed to resolve such property interface. Due to the coupling between 

the transport equations governing the continuous phase and particles, a three-step solution 

procedure is employed. In the first step, the continuous-phase equations are solved assuming 
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there is no particle. The next step follows the integration of particle equations using the current 

value of continuous phase velocity and calculation of the inter-phase sources. The continuous 

phase equations are solved again including the particles in the last step. This procedure is 

repeated until a converged solution is obtained. 

A typical calculation requires approximately 5 h of CPU time on a personal computer with a 

Pentium III processor. Results of this research are cited in section 2.3. 

2.2 Current test methods of dynamic segregation assessment 

As described before, SCC should be designed to have satisfactory flowability, passing ability, 

and segregation resistance. Since SCC is still relatively new to North America (introduced in 

the early 1990s) and many conventional concrete testing methods are not applicable to SCC, 

testing methods are still being developed for fresh properties of SCC. In this section, 

commonly used testing methods for dynamic stability of SCC are introduced. It is of great 

importance to keep in mind that none of these tests is capable of simulating the real case of 

dynamic segregation occurring inside the formwork during casting. Thus, mentioning these 

tests as tools to evaluate dynamic segregation does not mean that they are appropriate tests, 

but it means that our workability requirements necessitated us to temporarily utilize the output 

of such tests in order to have a rough estimate of what might take place due to dynamic 

segregation during casting. 

2.2.1 Direct indicators of dynamic segregation 

Visual examination of slump flow (Figure 2.8) is used to evaluate segregation of SCC by 

observing the coarse aggregate distribution at the border of the concrete after the slump flow 

test (ASTM C1611/C1611M-05, Standard Test Method for Slump Flow of Self-Consolidating 

Concrete, 2005]. This test mainly measures dynamic segregation, which is affected by static 

segregation to some extent. When there is no layer of paste and water, the concrete is regarded 

as having good dynamic segregation resistance. VSI ranging from 0 to 3 is used to rate the 

SCC according to the criteria in Table 2,1 [ASTM C1611/C1611M-05, Standard Test Method 

for Slump Flow of Self-Consolidating Concrete, 2005]. 



28 BACKGROUND 

(C) (d) 

Figure 2.8 Visual stability index examples for various slump flow tests; (a) VSI= 0, (b) VSI= 
1, (c) VSI= 2, (d) VSI= 3 [ASTM CI 611/C1611M-05, Standard Test Method for Slump Flow 

of Self-Consolidating Concrete, 2005] 

However, as discussed in [Shen, 2007] and will be also seen in Chapter 5, SCC with good VSl 

may have severe dynamic segregation problems especially over long travel distances. While 

the VSl does not quantify a property of the concrete mixture, it is useful for quality 

control/consistency testing. 
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Table 2.1 The criteria for VSI rating of SCC [ASTM C1611/C1611M-05, Standard Test 
Methodfor Slump Flow of Self-Consolidating Concrete, 2005] 

Rating Criteria 

0 = Highly Stable No evidence of segregation or bleeding. 

1 = Stable 
No evidence of segregation and slight bleeding observed as a 

sheen on the concrete mass. 

= Unstable 
A slight mortar halo < 0.5 in.(< 10 mm) and/or aggregate pile in 

2 = Unstable 
A slight mortar halo < 0.5 in.(< 10 mm) and/or aggregate pile in 

the of the concrete mass. 

Clearly segregating by evidence of a large mortar halo > 0.5 in. (> 

3 = Highly Unstable 10 mm) and/or a large aggregate pile in the center of the concrete 

mass. 

1. Lin Shen et al.) A flow trough was developed by Lin Shen et al. [2007] as shown in Figure 

2.6. It was made by assembling 25-mm thick wood boards to form a 150 x 150 x 1800-mm 

trough. The inclined angle is 7° (with 230 mm height difference between two ends), which is 

the smallest slope ensuring SCC can flow to the lower end. The test is performed according to 

the following procedure: 

Before the test, the surface of trough is slightly wetted with water. Fresh concrete is cast into 

one 100 x 200-mm cylinder and two 150 x 300-mm cylinders in one lift. The concrete in one 

of the 150 x 300-mm cylinders is poured on the higher end of the trough as a priming step. 

After the concrete stops flowing, the trough Is straightened up vertically for 30 seconds to let 

the priming concrete flow off and leave a mortar layer on the trough surface. The trough is 

then put back into the initial inclined position and the concrete in the other 150 x 300-mm 

cylinder is poured on the trough from the higher end. 

A 100 x 200-mm cylinder is filled by the leading portion of concrete flowing through the 

trough. Concrete samples in both 100 x 200-mm cylinders are washed over a # 4 sieve and the 

coarse aggregates are weighed. The dynamic segregation index (DSI) is then calculated using 

Eq. 2.10. Though the comparison between test results and field verifications seems promising, 

the flow trough test has certain defects. 
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Firstly, considering its 1.8 m length, it is somehow difficult to cany the apparatus. Secondly, 

the preconditioning required for this test makes it problematic and time-consuming to be 

performed. Thirdly, washing samples out over sieve is a time and energy consuming method. 

Last but not least, the thickness of the flow inside this device is so thin that friction forces 

between concrete and the bottom of the setup play a significant role in the segregation of SCC. 

In real casting, however, this phenomenon more or less occurs during the flow of the very first 

layer of concrete cast into the formwork which does not actually contribute remarkably to 

dynamic segregation that is of our interest. Consequently, if the whole depth of flow is taken 

into account for determining segregation (which must be considered if realistic predictions are 

to be obtained) the validity of this test diminishes. Some results obtained from this test are 

mentioned in section 2.3. 

2. M. Sonebi et al.) M. Sonebi et al. [2007] also presents a test method to assess dynamic 

segregation of SCC using the column segregation test [ASTM C1610/C1610M-06a, Standard 

Test Method for Static Segregation of Self-Consolidating Concrete Using Column Technique, 

2006]. The settlement column test consists of a column of SCC mixture with internal 

dimension of 500 x 150 * 100 mm, filled with SCC, and being subjected to a controlled 

jolting action (details are not mentioned in the publication) followed by a 5 minute settlement 

period [Rooney, 2002; Sonebi, 2004]. Two samples are taken from top and bottom of the 

column which will be washed in the next step through a 5 mm sieve. The result is then 

expressed as a ratio of the mass of the coarse aggregate in the top sample to the corresponding 

value in the bottom one (SRFC). A brief result of their work is shown in section 2.3. 

From the point of view adopted in this M.Sc. project, this test is not basically appropriate since 

static stability of SCC considerably affects the results. Besides, the flow condition is not 

comparatively analogous to that of real casting. 

3. V.K. Bui et al.) V.K. Bui et al. [2002] developed a simple penetration test that can be used 

along with the L-box test to provide a rough indication of dynamic segregation. A set of small 

cylinder moulds (type N) with a height of 70 mm and a diameter of 80 mm was used to assess 

segregation resistance of concrete in horizontal direction (Figure 2.9). A simple apparatus 

(Figure 2.10), called the penetration apparatus (PA), was also developed and used for rapid 

testing of segregation resistance of SCC. The structure of the apparatus is indicated in Figure 
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2.10 and consists of a Frame F, Slot E, Reading scale M, Screw D, and a penetration head. The 

penetration head, which has a mass of 54 g, is assembled from a Cylinder C and Rod K. The 

inner diameter, height and wall thickness of the cylinder is 75, 50 and 1 mm, respectively. The 

L-box apparatus (Figure 2.9) was used together with the above-described PA to rapidly test 

segregation resistance, deformability and blocking behaviour of SCC. 

The test procedure is that with gate A of the L-box closed, concrete is placed into the vertical 

leg of the L-box without any consolidation such as rodding or vibration, and the top is 

immediately levelled. After 2 min, locate the PA on the top of the vertical leg of the L-box, 

adjust the penetration cylinder to just touch the upper surface of concrete, and then allow the 

cylinder to penetrate freely into the concrete. After 45 s, the penetration depth (Pd) of the 

cylinder head is recorded from the scale. The average Pd of three measurements at two sides 

and the center is calculated and considered as the final Pd. Afterwards, gate A is lifted in a 

vertical direction to allow the concrete to flow through the clear spacings between the 

reinforcement bars. When the concrete stops, fresh concrete is taken from the region in front 

of the reinforcement set and filled into a pair of small moulds (type N). Similarly, fresh 

concrete is taken at the end of the horizontal leg of the L-box and again filled into the other 

pair of small moulds (type N). Afterwards, the concrete from the small moulds (type N) is 

washed out, and coarse aggregate particles larger than 9.5 mm are separated, dried and 

weighed. The average mass of the coarse aggregate, for each pair of the small moulds, is 

calculated and compared in order to assess segregation resistance of concrete in horizontal 

direction. Concrete is of satisfactory segregation resistance if the difference (specified as Rh) 

of average masses of coarse aggregate from the front of the reinforcement set and at the end of 

the L-box is smaller than 10%. The difference Rh and the Pd are compared to determine the 

optimum range of Pd, which can be used to rapidly evaluate the segregation resistance of SCC 

in the horizontal direction. Results of that study are presented in section 2.3. 

Such segregation measurements are associated with the effects of blocking (due to L-box 

geometry) and then cannot be considered as pure segregation assessment. Besides, the total 

length of L-box device is not long enough to be indicative of dynamic segregation occurring in 

full-scale elements. 
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Figure 2.9 L-box apparatus and small cylinder mould N [Bui et al., 2002] 
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Figure 2.10 PA for segregation tests [Bui et al., 2002] 

4. Hassan El-Chabib et al.) Hassan El-Chabib et al. [El-Chabib and Nehdi, 2006] proposed a 

rather similar method (similar penetration device) to assess dynamic stability of SCC. The 

developed segregation assessment method is based on studying the profile of the coarse 

aggregate distributions, particles larger than 9.5 mm, along the height of a SCC sample. The 

apparatus simply consists of a PVC tube, 300 mm in height and 150 mm in diameter, and a 

modified version of the penetration apparatus proposed by Bui et al. [2002]. The tube is 
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divided into three 150 x 100 mm equal parts using leak-free joints that are hinged to a vertical 

steel rod for easy sliding (Figure 2.11a). The modified version of the penetration apparatus 

consists of four penetration heads (instead of one) mounted on a steel frame. Each penetration 

head is approximately 25 g in mass and 20 mm in diameter with a semi-spherical end (Figure 

First, the average depth of the penetration heads is measured by allowing the heads to 

penetrate under their self-weight into concrete just after the cylinder is filled. The three parts 

of the cylinder are then separated after a rest period of approximately 30 minutes and concrete 

in each part is washed out over a 9.5 mm sieve. Coarse aggregates with particle sizes larger 

than 9.5 mm in each part of the cylinder are then retrieved and their mass is determined. 

The segregation index (SI) is taken as the coefficient of variation (COV) of the coarse 

aggregate content in all three parts and is calculated using the following equation 

mm in each part of the cylinder. Results of SI are then correlated to the corresponding average 

penetration depth Pa of the penetration heads, which is a more rapid field-oriented test. It 

should be noted that the concrete sample to be used must be prepared using the V-funnel 

apparatus before it is left undisturbed for 30 minutes. Using the V-funnel as a preconditioning 

method for determining the dynamic segregation index of SCC mixtures was to account for 

dynamic effects such as the discharge of SCC through a chute of a concrete truck (simulated 

by the 2:1 slope of the V-funnel sides) and concrete subjected to free-fall from a height during 

placement (simulated by placing the test cylinder at a distance d below the bottom of the V-

funnel). A brief summary of this research is presented in section 2.3. 

2.11b). 

SI = (2.32) 

where Mavg = and M, equals the mass of coarse aggregate particles larger than 9.5 

This test is also significantly affected by the static stability of mixture. In addition, the 

duration of test is considerably long which makes it impractical on the site. 
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Figure 2.11 (a) Three compartment hinged cylindrical mould; and (b) modified penetration 
depth apparatus [El-Chabib and Nehdi, 2006] 

2.2.2 Indirect indicators of dynamic segregation 

In this section, current test methods that provide indirect indications of dynamic segregation 

are discussed. 

Khayat et al. [2004] mention the aforementioned tests to be visual observation of spread out 

concrete in slump flow, flow testing of concrete using the tests of J-Ring, L-box, U-box, V-

funnel, and the pressure bleed test. In that paper the results of these different tests are 

compared to each other to examine the probable correlations both between their results and 

between their outcomes and the rheological parameters of SCC. In addition, they aimed to 

seek the adequacy of the cited tests for assessment of dynamic stability of SCC. Based on their 

observations they finally conclude that: 

1. The slump flow test is suitable to evaluate deformability of SCC. Even though the visual 

observation does not offer sufficient information regarding segregation, it provides some 

basic information for the stability evaluation as it gives some indications of water or paste 

separation and segregation of coarse aggregate in dynamic and static conditions. The VSI 

rating is recommended to be coupled with other tests for visual assessment of SCC 

stability; 
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2. The J-Ring, L-box, and U-box tests are suitable for evaluating the passing ability of SCC 

through closely spaced reinforcing obstacles. These tests can be well correlated and can 

be easily conducted at the job site, and their outcome could give general information 

about the stability level of the concrete if the relationship between passing ability and 

dynamic segregation could be established ; 

3. Practically speaking, the L-box test can be considered for field evaluation of the passing 

ability of SCC. As explained before, there could be a relationship between passing ability 

and dynamic segregation which means the results of L-box blocking ratio could provide a 

basic idea of the dynamic stability of the mixture. The L-box and the slump flow tests are 

recommended for field-oriented quality control of the restricted and unrestricted 

deformability of SCC; 

4. Similar to the slump flow/L-box tests, the slump flow/J-Ring tests can evaluate both the 

deformability and passing ability characteristics. The L-box is preferable, however, since 

it can reflect the viscosity of the mixture by means of the flow time value; 

5. The T50 and the flow times evaluated from the V-funnel, L-box, and U-box tests can be 

used to assess viscosity. For a given deformation capacity, the longer the flow time, the 

higher the viscosity of the mixture. Hence, if the relationship between viscosity and 

dynamic segregation is known, such results could be used to evaluate dynamic stability, 

and 

6. The pressure bleed test can be used to evaluate the ability of the paste to retain free water 

in suspension and is conducted over a 10 mih period. It can then be suitable for frequent 

quality control and quantitative evaluation of SCC stability in the field. 

To sum up, if the relationship between the responses of any of the aforementioned tests could 

be established, as some of them already are, then such tests could provide indications of 

dynamic segregation. Nevertheless, visual observation is always a simple way to assess 

preliminarily the satiability of the SCC based on these tests results, for if segregation is even 

visually evident, further testing might not be necessary. Since the present project directly deals 

with the development of a test method, it is worthwhile to mention herein a brief description 

of some of the above tests. 



36 BACKGROUND 

Slump flow- Slump flow is the most common test for SCC. The equipment (Figure 2.12) is 

the same as for the conventional slump test [ASTM C1611/CI611M-05, Standard Test Method 

for Slump Flow of Self-Consolidating Concrete, 2005]. The concrete sample is poured into the 

slump cone without rodding. When the slump cone is removed, the sample collapses and flows 

outward. The diameter of the spread of the sample is measured. The time for the sample to 

reach a diameter of 50 cm (Tso) is also measured to assess the flowing speed. The slump flow 

test is the primary testing method of flowing ability. It can also give an indication of 

segregation (see Section 2.2.1). The higher the slump flow value, the greater its ability to fill 

formwork under its own weight. 

Concrete sample 
I Flow table 

(non-adsorbent) 

Slump cone (Abram) 
00=100/200 mm 

H=300 mm 

Spread 
diameter 

Figure 2.12 Configuration of slump flow test based on ASTM C1611/C1611M-05 taken from 
[ESPING, 2007] 

L-box- The L-box is a commonly used test (Figure 2.13) for flowing and passing abilities. The 

apparatus comprises a vertical section in which concrete is poured and a horizontal section 

through which the concrete flows when the trap door (located at the intersection of vertical 

and horizontal sections) is opened. Concrete passes through reinforcing bars (3 to 12 mm 

diameters bars at 35-mm spacing) placed at the intersection of the two sections and flows to 

the end of the horizontal section. The times it takes to flow a distance of 20 cm (T20) and 40 

cm (7Vo) into the horizontal section are measured. The concrete heights at each end of the 

apparatus, HI and H2, are measured. If the SCC flows as freely as water, it will be horizontal 

at rest, so HI / H2 - 1. Therefore, the nearer this test value, the 'blocking ratio,' is to 1.0, the 

better the flowability of the SCC. 
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Figure 2.13 L-box test apparatus [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003] 

Obvious blocking of coarse aggregate behind the reinforcing bars can be detected visually 

[AC1237R-07, Self-Consolidating Concrete, 2007]. 

J-Ring- The J-Ring is used together with slump flow method to assess passing ability. It 

involves placing the slump cone inside a 300 mm diameter steel ring attached to sixteen 

vertical 16 mm diameter smooth steel rods spaced evenly around the ring measuring 100 mm 

in length (Figure 2.14). Like in the slump flow test, the diameter of the spread is recorded, and 

the difference between slump flow and J-Ring spreads is computed. The combined slump flow 

and J-Ring test provides an assessment of passing ability [ASTMC1621/C1621M-06, Standard 

Test Methodfor Passing Ability of Self-Consolidating Concrete by J-Ring, 2006]. 

U-box- The U-box test is used to measure the filling ability of SCC. The apparatus consists of 

a vessel that is divided by a middle wall into two compartments, shown by R1 and R2 in 

Figure 2.15 below (European design). An opening with a sliding gate is fitted between the two 

sections. Reinforcing bars with nominal diameters of 13 mm are installed at the gate with 

center-to-center spacing of 50 mm. This creates a clear spacing of 35 mm between the bars. 

The left hand section is filled with about 20 1 of SCC then the gate lifted and SCC flows 

upwards into the other section. The height of the SCC in the second section is measured. If the 
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SCC flows as freely as water it will be horizontal at rest, so H1-H2 = 0 (difference between 

the height of SCC in two sections after the test). Therefore, the nearer this test value, the 

'filling height', is to zero, the better the pouring ability of the SCC [Interim Guidelines for the 

Use of Self-Consolidating Concrete in Precast/Prestressed Concrete Institute Member Plants, 

2003]. 

16 tars of 
dtamotar C spaced 
avwtfy (round ring 

Obmmkn In. mm 
A 120 6^3 30O-./-3J 
B 38*M.S 
C 18 +/- 3.3 
• 2 3B»/-006 M9W-15 
E 1.0+/- 0.06 2S+/-1S 
F «.0,afeJUB 200 •M S 

Section G-G 

Figurer 2.14 J-Ring setup [ASTM C1621/C1621M-06, Standard Test Methodfor Passing 
Ability of Self-Consolidating Concrete by J-Ring, 2006] 

V-Funnel- The V-Funnel test (Figure 2.16) is used to determine the filling ability (flowability) 

of the SCC. The funnel is filled with about 12 liters of SCC and the time taken for it to flow 

through the apparatus measured. After this, the funnel can be refilled with SCC and left for 5 

minutes to settle. If the SCC shows segregation, then the flow time will increase significantly. 

If the SCC mixture has thixotropic properties, it will also indicate an increased flow time. This 

test measures the ease of flow of the SCC; shorter flow times indicate greater flowability. The 

inverted cone shape restricts flow, and prolonged flow times may give some indication of the 

susceptibility of the mix to blocking [.Interim Guidelines for the Use of Self-Consolidating 

Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003]. 
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Figure 2.15 European U-box test device [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003] 
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Figure 2.16 V-funnel test apparatus [Interim Guidelines for the Use of Self-Consolidating 
Concrete in Precast/Prestressed Concrete Institute Member Plants, 2003] 
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2.3 Segregation studies 

Segregation affects many aspects of concrete performance, producing insufficient filling of the 

forms, insufficient covering on the steel, reduced strength, and lower durability. The causes of 

segregation can be internal to the mixture, such as mixture proportions or the raw material 

characteristics, or outside the mixture, such as placement technique, drop height, vibration, 

and pumping pressure (inside the pipes) [Daczko, 2002]. 

As described before, segregation can be categorized in two ways, static segregation and 

dynamic segregation. Table 2.2 summarizes previous experience on how the concrete raw 

materials, application variables, and fluidity level affect both static and dynamic segregation 

[Daczko, 2002]. This table gives empirical experience on segregation and can be very helpful 

in practical applications. 

In what follows, results of some research work pertaining to dynamic segregation are 

presented. 

1. Lin Shen et al.) Shen et al. [2007] verified the flow trough test, explained in 2.2.1 (shown 

in Figure 2.6), in the field by comparing dynamic segregation indices obtained from the test 

and those directly measured in a full-scale formwork. Two sets of tests (Concrete-1 and 

Concrete-2) were performed. The slump flow values were 710 mm for Concrete-1 and 610 

mm for Concrete-2. Both mixes had the same proportions - 332 kg/m3 Type I cement, 89 

kg/m3 Class C fly ash, 156 kg/m3 of water, 786 kg/m3 of sand, 439 kg/m3 of coarse aggregate 

with nominal maximum size 9.5 mm, and 388 kg/m3 of coarse aggregate with nominal 

maximum size 19 mm. slump flow variations were made by changing the superplasticizer 

dosages. SCC mixtures were pumped from the truck into a formwork with dimensions of 

about 1.3-m thick, 9-m long, and 6-m tall. DSI was determined for each concrete using the 

flow trough test and also by taking samples from the formwork. Figure 2.17 compares the 

dynamic segregation results in the formwork and in the flow trough. It is seen that there is a 

relatively good agreement between the trough test and those measured in the field within the 

range of applicability of the test, i.e. 1.8m. Moreover, it is observed that as the travelled 

distance increases, segregation increases too. However, the rate of segregation decreases as the 

flow proceeds. 
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Table 2.2 Effects of proportioning and application variables on segregation of SCC [Daczko, 
2002] 

Factors Effect on Static Segregation 
Effect on Dynamic 

Segregation 

Cementitious Materials 

Coarse Aggregate 

Fine Aggregate 

Water 

Superplasticizer 

Viscosity Modifying 
Admixture 

Air-Entrainer 

Fluidity 

Flow Distance 

Free Fall 

Provides viscosity and yield stress 
to reduce static segregation 

Volume, specific gravity, and 
gradation affect static segregation 

Gradation and specific gravity 
affect static segregation 

Volume controls the viscosity of 
paste and thereby static segregation 

High dose can create excessive flow 
resulting in static segregation 

Provides viscosity to the paste 
resulting in lower static segregation 

Helps to suspend aggregate and 
reduce static segregation 

Greater fluidity results in higher 
static segregation 

Minimal to none 

Minimal to none 

Form dimensions Minimal to none 

Transport without w. . . ̂  
... Minimal to none 

agitation 

Pumping Minimal to none 

Provides viscosity and yield 
stress to reduce dynamic 
segregation 
Higher volume reduce 
passing ability through 
restricted sections 
No effect outside of 
balancing coarse aggregate 
volume 
Volume controls the viscosity 
of paste and thereby dynamic 
segregation 
High dose can create 
excessive flow resulting in 
dynamic segregation 
Provides viscosity to the 
paste resulting in lower 
dynamic segregation 

Minimal to none 

Greater fluidity results in 
higher dynamic segregation 

Promotes separation of paste 
from aggregate 

Promotes separation of paste 
from aggregate 

Narrow form increases wall 
effects and increases dynamic 
segregation 

Vibration can cause dynamic 
segregation 

Pressure can cause 
segregation in the pump lines 
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Figure 2.18a and b show the variation of total aggregate content and content of each particle 

size class over the length of the formwork, respectively. It can be noticed that as the travel 

distance increases, the total coarse aggregate CQntent decreases and this phenomenon is more 

reported for the particles with larger diameters. Figure 2.19 illustrates the comparison between 

experimental and modeled data in the formwork mentioned in [Shen, 2007]. The accuracy of 

the modeling decreases as the travelled distance increases. Moreover, dynamic segregation 

increases over the length of formwork. 

0.4 
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! - s Concrete 2- trough 0.3 

0.25 

0.2 
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•.05 

0 2 5 7 3 4 6 8 9 1 
Distance travelled (m) 

Figure 2.17 Dynamic segregation results from the flow trough and the field [Shen, 2007] 

Figures 2.20 to 2.25 show the modeled and experimental data obtained from the flow trough 

test [Shen et al., 2009]. In addition, these figures demonstrate the effect of different 

parameters on dynamic segregation of SCC. In general, it can be seen that the simulations are 

in general close to the experimental results which shows the validity of their assumptions and 

modeling method. 

Figure 2.20 shows that increasing slump flow as a measure of yield stress significantly 

increases the DSL Figure 2.21 clarifies that an increase in coarse aggregate size increases the 

DSL Figure 2.22 illustrates the importance of grain size distribution (packing density or lattice 

effect) on the DSL It can be understood that a better gradation leads to less dynamic 

segregation. 
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Figure 2.18 Coarse aggregate variations (a) total aggregate content (b) each particle size class 
[Shen, 2007] 

In Figure 2.23, it is seen that increasing the coarse aggregate volume content does not have a 

significant effect on the DSL Considering Figure 2.24, it is obvious that increasing the density 

of aggregates increases dynamic segregation. Finally, Figure 2.25 shows that the initial 

velocity of casting does not influence considerably the dynamic segregation of SCC. 

Table 2.3 presents the variations of parameters studied and the response obtained (DSI) 

quantitatively. An interesting point here is that the effect of coarse aggregate size seems to be 

more significant than that of coarse aggregate volume fraction suggesting that it is probably 

possible to slightly increase the aggregate volume fraction in a mix design by adding some 

aggregates with higher maximum size without considerably affecting the dynamic stability of 

the mixture. 
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Figure 2.19 Measured (points) and modeled (curve) dynamic segregation of field concrete, 
where DSI was measured in the formwork. The flow distance ranges from 0 to 9 m [Shen et 

al., 2009] 

Within the range of concretes tested, one limitation of the flow trough is that it measures 

dynamic segregation only over a fixed, and somewhat limited, flow distance. 

2 3 4 S I t 7 nwrOktMN (wj 

Figure 2.20 Measured (points) and modeled 
(curves) dynamic segregation with DSI 

measured in the flow trough, concretes with 
different slump flows. The flow distance 

ranges from 0 to 9 m and slump flow values 
are 610 and 660 mm [Shen et al., 2009] 

• -1IM - V*" • —MM - V*" 

/ e 
/ 

• 1 2 J 4 5 • 7 S 
llwrPK—«i(m) 

Figure 2.21 Measured (points) and 
modeled (curves) dynamic segregation of 
concretes with different coarse aggregate 
size. The flow distance ranges from 0 to 9 
m and aggregate size values are 10 and IS 

mm [Shen et al., 2009] 
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Figure 2.22 Measured (points) and 
modeled (curves) dynamic segregation of 
concretes with different coarse aggregate 
gradations. The flow distance ranges from 

0 to 9 m [Shen et al., 2009] 

Figure 2.23 Measured (points) and 
modeled (curves) dynamic segregation of 
concretes with different coarse aggregate 

volume fractions. The flow distance ranges 
from 0 to 9 m [Shen et al., 2009] 
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Figure 2.24 Measured (points) and 
modeled (curves) dynamic segregation of 
concretes with different coarse aggregate 
densities. The flow distance ranges from 0 

to 9 m and density values are 2540 and 
2580 kg/m3 [Shen et al., 2009] 

Figure 2.25 Measured (points) and 
modeled (curves) dynamic segregation of 
concretes with different initial velocity. 
The flow distance ranges from 0 to 9 m 

and initial velocity values are 0.1 and 0.2 
m/s [Shen et al., 2009] 

The model described in 2.1.2 offers a strategy to extend the measurement to much longer flow 

distance as there is no distance limit in the proposed formulations. Thus, a relationship could 

be established between the DSI at 1.8m and the theoretical DSI at any travelled distance by 

means of which DSI could be estimated for any given length based on the flow trough results. 

Interested readers are referred to [Shen, 2007]. 
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In this study ([Shen et al., 2009]), no attempt was made to change t}pi independently of To-

More details about the effect of Theological properties on the dynamic segregation of concrete 

are presented in the following research review. 

Table 2.3 Summary of changes in test parameters and DSI [Shen et al., 2009] 

Parameter Change in parameter Resulting change in DSI 

Slump flow 10% reduction 90% reduction 

Coarse aggregate size 30% reduction 90% reduction 

Aggregate gradation Modest (from 1 size to 3 sizes) 40% reduction 

Aggregate volume fraction 20% increase 30% reduction 

Aggregate density 2% reduction 80% reduction 

Initial concrete velocity 100% increase 12% reduction 

2. Ahmet Bilgil et al.) Figure 2.26 shows the results of numerical simulations of dynamic 

segregation carried out by Ahmet Bilgil et al. [Bilgil et al., 2005]. Trajectories of the 

representative velocity of aggregate particles in concrete flow can be seen in this figure. 

Different contrast of colors shows the velocity distribution of aggregate particles. According 

to the presence of boundary shear stress, velocity distribution of aggregate particles changes 

during the filling of fresh concrete. 

The particle velocity at the central axis of formwork is shown with dark a color on the left 

while at the boundary where particle velocity reduces trajectories is shown with a light color 

(on the right). The fraction of segregation is defined by the following equation 

" = 1-|r (233) 

where N0 is the total number of particles introduced at the inlet and £jV is the predicted sum of 

the all particles that reached to the top of the mould. On the top end of the formwork, the 

aggregate segregation is at its maximum value. 
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Figure 2.26 Aggregate particle trajectories with different mixture of concrete for formwork 
[Bilgil et al., 2005] 

As noticed in Figure 2.26 more segregation is observed in concrete without superplasticizer 

(MC) during filling of formwork based on modeling results. Note that this study was carried 

out on normal concrete in which aggregate interactions (friction) are of great importance. 

Figures 2.27 and 2.28 illustrate the relationship between segregation and yield stress/ plastic 

viscosity respectively. It is observed that in an MC mixture it is hard to correlate yield stress 

values of fresh concrete with segregation. However, at low yield stress values there is less 

aggregate segregation. In MCS (concrete with superplasticizer) mixture at high yield stress 

values less aggregate segregation is observed. 

With regards to viscosity, observations are similar as for the yield stress. To sum up, the 

percentages of aggregate segregation, which are calculated from mathematical models, do not 

follow a linear trend with respect to viscosity and yield stress values. A definite relation 

cannot be observed between segregation and yield stress or viscosity of fresh concrete from 

MC mixtures. However, for fresh MCS concrete mixtures, as viscosity or yield stress increase, 

segregation is reduced. It is believed that the behaviour difference is due to the use of 

superplasticizers. It is observed that, in general, the main parameter that affects segregation is 

the ratio of materials in fresh concrete while viscosity values and W/C are not as effective. 
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Figure 2.27 Relationship between yield stress and segregation for fresh concrete mixtures (a) 
without superplasticizers, (b) with superplasticizers [Bilgil et al., 2005] 
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Figure 2.28 Relationship between viscosity and segregation for fresh concrete mixtures (a) 
without superplasticizers, (b) with superplasticizers [Bilgil et al, 2005] 

Dynamic stability of concrete in a pipe is also studied by Sonebi et al.. 

3. M. Sonebi et al.) As mentioned in section 2.2.1, Sonebi et al. [2007] describe a method for 

testing dynamic segregation resistance of SCC using the column segregation test. The column 

is filled with SCC and subjected to a controlled jolting action followed by a 5 minute 

settlement period to determine dynamic segregation resistance. Repeatability and sensitivity of 

the segregation resistance of fresh SCC was evaluated and the segregation threshold was 

determined. The test was also used to determine the segregation of hardened SCC. Namely, 
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the same test was performed but the sample was left to be hardened. After 28 days, the column 

was sliced along the center axis so that the concentration of aggregates with particle size 

greater than or equal to 5 mm could be measured. This inspection was conducted in the top 

and bottom 150 mm sections of the sample which were the same part of the fresh sample that 

were washed out. Sensitivity to SP variations was evaluated. 14 SCC mixtures were used in 

total. Each mix was tested five times from five batches with the settlement column in order to 

ascertain whether the statistical means was able to detect and differentiate between a non-

segregating mixture and one which had mild dynamic segregation, or notable or severe 

dynamic segregation. Slump flow values were between 550 to 750 mm. A t-test was carried 

out to determine whether there was a statistically significant difference between the results of 

first mix and the second one (with different SP). The procedure was repeated until the 

segregation threshold was established. 

Figure 2.29 shows the relation between the ratio of the mass of the coarse aggregate in the top 

sample to the corresponding value in the bottom one (SRFC) to the segregation ratio of 

hardened concrete (SRHC). 

Table 2.4 presents the segregation thresholds obtained in terms of SRFC. Finally, they 

concluded that the proposed settlement column test is a good test to evaluate both segregation 

resistance of fresh and hardened concrete. 

SRHC « 0.96 SRFC • (.02 
(1**0.97 

I 
0 0.2 . 0.4 0.6 0.B 1 

Segregation ratio of fresh concrete SRFC 

Figure 2.29 Relationship between segregation ratios SRFC and SRHC from fresh and 
hardened concrete [Sonebi et al., 2007] 
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The relative error of the repeatability with 95% confidence limit for measuring the ratio 

segregation of fresh SCC can be limited to 2-7% for no and mild dynamic segregation and 

12% for notable dynamic segregation. For severe dynamic segregation, the relative error was 

between 13 to 23%. The segregation resistance measured by the settlement column test on 

fresh and hardened SCC mixes were both sensitive to the variation of the dosage of SP. 

Table 2.4 Segregation threshold of fresh SCC [Sonebi etal., 2007] 

Segregation category Settlement ratio of fresh concrete SRFC 

1. No segregation 0.96 and above 

2. Mild segregation 0.95-0.88 

3. Notable segregation 0.87-0.72 

4. Severe segregation 0.71 and below 

Four different dynamic segregation categories were defined in fresh SCC. A good relationship 

was established between the SRFC and the SRHC (R2 - 0.97). Thus, the segregation of fresh 

SCC can be determined by using settlement column test. 

Note that from the author of the present work's point of view, this test is not adequate for 

evaluation of dynamic segregation of SCC (see 2.2.1). Next research provides a more 

comprehensive approach for development of dynamic segregation test methods. 

4. V.K. Bui et al.) Bui et al. [2002] obtained some results on dynamic segregation of SCC 

using their penetration device coupled with L-box test. The outcome of the penetration test is 

verified with wet-sieving index. Figures 2.30 to 2.33 summarize their observations. As can be 

seen from these figures, the specimens with Pds smaller or equal to 9 mm had a mass 

difference (Rh) of coarse aggregate smaller than 10%. Conversely, the specimens with Pds 

larger than 9 mm had a mass difference (Rh) of coarse aggregate larger than 10%. These 

findings were valid for different water-binder ratios, different paste volumes and different 

materials (namely, different types of cement, mineral admixtures and aggregates). Therefore, 

segregation resistance of SCC can be assessed as follows 

Concrete has satisfactory segregation resistance in horizontal direction if Pd < 9 mm, 
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• Concrete has poor segregation resistance in horizontal direction if Pd > 9 mm. where 

Pd is the penetration depth measured by use of the PA. 

It is noticeable that no specific relationship can be found between the penetration depth (Pd) 

results and the effect of studied parameters on dynamic segregation. The test results showed 

that the proposed method and the developed apparatus are useful for the rapid evaluation of 

segregation resistance of concrete in both vertical and horizontal directions. The method can 

reduce testing time and laboratory work. The foil owing test method is based on dynamic 

segregation during freefall of SCC. 
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Figure 2.30 Pd and mass difference of coarse 
aggregate in the horizontal direction. [Bui et 

al, 2002] 
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Figure 2.32 Pd with different water- binder 
ratios and concrete segregation resistance in 
the horizontal direction. [Bui et al., 2002] 

Figure 2.33 Pd with different paste volumes 
and concrete segregation resistance in the 

horizontal direction. [Bui et al., 2002] 
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5. Hassan El-Chabib et al.) El-Chabib et al. [El-Chabib and Nehdi, 2006] made a total of 123 

SCC mixtures covering a large scope of mixture designs. As mentioned in section 2.2.1, they 

also proposed a modified penetration test used with a column similar to that of [Sonebi et al., 

2007]. The Pd and the dynamic segregation index (SI-DYNAMIC) values for all 123 SCC 

mixtures prepared in that study were measured. A relationship between Pd and SI values for 

dynamic test was established (Figure 2.34) and a value of Pd at which SCC mixtures are 

considered to be segregation resistant is determined. From examining Figure 2.34, the 

threshold value of Pd can be determined for the dynamic case, namely if the concrete is 

subjected to pumping, transporting, and/or free-fall from height during placement, which is Pd 

< 5 mm. Moreover, it is seen that the coefficient of correlation between wet-sieving and 

penetration indices is rather high. It is worth mentioning here that based on the geometry of 

this device, best correlation of test results should be observed in case of freefall rather than 

horizontal, spread. 
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Figure 2.34 Relationship between Pd and SI-DYNAMIC [El-Chabib and Nehdi, 2006] 

To investigate the effect of the cementitious materials content on the resistance of SCC 

mixtures to segregation, a set of eight SCC mixtures was prepared and tested. The W/CM and 

dosages of High-Range Water Reducing Admixture (HRWRA) and Viscosity-Modifying 

admixture (VMA) (as percentage of the total cementitious materials content) were kept 

constant for all mixtures, while the total content of cementitious materials varied between 350-

550 kg/m3. 
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The total aggregates content was adjusted to accommodate changes in cementitious materials 

and water contents. A constant coarse/fine aggregate ratio, however, was maintained in all 

mixtures. Figure 2.35a shows that increasing the cementitious materials content (at constant 

W/CM = 0.45) slightly increased the segregation tendency of coarse aggregates, which is 

unexpected. Such behaviour was observed in results of both the GTM and SI-DYNAMIC 

methods. 

Another set of five SCC mixtures was prepared and tested to investigate the effect of 

cementitious materials content on the segregation resistance of SCC mixtures having relatively 

lower W/CM (0.4). It was observed that for constant dosage of VMA and W/CM, the SCC 

mixture with the highest amount of cementitious materials required the least dosage of 

HRWRA to achieve the required slump flow. The influence of cementitious materials content 

on the segregation resistance of SCC mixtures having lower W/CM was evaluated using the 

proposed test method along with the GTM screen stability test, and results are shown in Figure 

2.35b. Results of SI-DYNAMIC show that increasing the cementitious materials content 

slightly reduced segregation in SCC mixtures, while those obtained using the GTM screen 

stability test indicate a negligible increase of segregation when cementitious materials content 

increased. It is believed that this discrepancy in the effect of the cementitious materials content 

on segregation in Figure 2.35 a and b is due to the fact that increasing the cementitious 

materials content in mixtures of the first set while maintaining a constant W/CM = 0.45, 

increased the amount of free water. 

The HRWRA deflocculates agglomerated cement particles and also releases entrapped water, 

hence increasing the amount of free water avaijable for fluidification. This can offset the 

beneficial effect of increasing the volume of the mortar compound due to increasing the 

cementitious materials content, thereby, slightly increasing the segregation of coarse aggregate 

particles in such mixtures. Conversely, the amount of free water in mixtures with W/CM = 

0.40 is lower, thus reducing the ability of excess water to neutralize the beneficial increase in 

mortar volume due to increasing the cementitious materials content. 
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Figure 2.35 Effect of cementitious materials content on segregation resistance of SCC 
mixtures, (a) W/CM= 0.45, (b) W/CM= 0.40 [El-Chabib andNehdi, 2006] 

To investigate the effect of the W/CM on the segregation resistance of SCC mixtures, another 

set of mixtures was prepared. Mixtures in this set had constant dosages of HRWRA and VMA, 

a constant ratio of coarse/fine aggregates contents, and a W/CM ratio varying between 0.4 and 

0.6. As expected, increasing the W/CM significantly increased the flowability of SCC mixtures 

through reducing the viscosity of the mortar compound, thus reducing the ability to maintain a 

uniform distribution of large coarse aggregate particles. The effect of the W/CM on the 

segregation tendency of coarse aggregates in SCC mixtures was investigated using two 

segregation methods, namely the GTM screen stability test and the proposed method. Test 

results are shown in Figure 2.36 in which data from both methods show a similar trend for the 

effect of the W/CM on SI. Such an effect, however, was more pronounced in the case of SI-

DYNAMIC for W/CM >0.45. This is likely due to the effect of filling the concrete tubes using 

a free fall of SCC from a V-funnel, therefore increasing the possibility of coarse aggregate 

separation by subjecting the concrete to more severe placement conditions. Figure 2.36 also 

shows that for the particular dosages of HRWRA and VMA used, all test methods captured a 

significant increase in segregation for W/CM > 0.45, whereas for W/CM < 0.45, the rate of 

increase in segregation was less dramatic. 
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Figure 2.36 Effect of W/CM on segregation resistance of SCC mixtures [El-Chabib and Nehdi, 
2006] 

To examine the effect of HRWRA and VMA dosages on the ability of SCC mixtures to resist 

segregation, two sets of mixtures were prepared. The first set was intended to investigate the 

effect of the HRWRA dosage, and it included eight mixtures, while the second set contained 

seven mixtures and was prepared to investigate the effect of the VMA dosage. Mixtures in 

both sets had similar proportions other than the HRWRA and VMA. The effects of HRWRA 

and VMA dosages on the ability of SCC mixtures to resist segregation are shown in Figure 

2.37. It is seen in Figure 2.37a that for constant W/CM and VMA content, the ability of SCC 

mixtures to resist segregation linearly decreased with increasing HRWRA dosage regardless 

of the test method used. Similar to the effect of the W/CM, higher HRWRA dosage tended to 

decrease the stability of SCC mixtures and this effect was more pronounced in the case of 

dynamic segregation. A reverse effect is exhibited by increasing the VMA dosage. Figure 

2.37b shows that for constant W/CM and HRWRA dosage, higher VMA dosage increased the 

ability of SCC mixtures to resist segregation as expected. Such a trend, however, is shown to 

be nonlinear (except for the GTM test) with a threshold VMA dosage beyond which the effect 

of VMA in decreasing segregation became significant for a constant dosage of HRWRA. 

Figure 2.37 also illustrates that for SCC mixtures with low risk of segregation, the difference 

between SI values obtained using different test methods diminishes, showing that the test 

method proposed in that study is reasonably sensitive to distinguish between static and 

dynamic segregation based on the placement conditions of SCC. In other words, measuring 

the SI of an SCC mixture having a moderate viscosity and low risk of segregation using either 
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the static or dynamic condition should yield comparable values. It is important to note that the 

relationships shown in Figure 2.37 reflect the effect of the admixtures used in this study, and 

that other types of admixtures might exhibit a different behaviour. 

Ml 

Q 
II an 

(a) (b) 

Figure 2.37 Effect of (a) HRWRA (VMA = 0.01%, W/CM= 0.45), (b) VMA (HRWRA = 
0.56%, W/CM= 0.45) on segregation resistance of SCC mixtures [El-Chabib and Nehdi, 

2006] 

To see the effect of coarse/total aggregate ratio, a set of seven SCC mixtures with CA/TA 

ratios from 0.4 to 0.6 were prepared and tested using the various segregation methods used in 

this study. The contents of all other ingredients were kept constant and only the contents of 

coarse and fine aggregates were adjusted. Results are shown in Figure 2.38, which indicates a 

slight to negligible increase in SI values obtained from all test methods over the range of 

aggregate ratio investigated. The figure also shows that the risk of dynamic segregation in 

SCC mixtures decreased when increasing the CA/TA ratio below a threshold value of 

approximately 0.45, and increased beyond that value. 

Based on the preceding paragraphs, it can be concluded that the proposed test method provides 

reliable information on dynamic segregation of SCC during freefall. Nevertheless, as 

mentioned in section 2.2.1, the test is time-consuming and is highly affected by static stability 

of the tested mixtures. 



2.3 Segregation studies 57 

U 

•A 
Ml Mi •J* MB •J4 LN Ml 

Cotm /Total iggng î 

Figure 2.38 Effect of coarse/total aggregate ratio on segregation resistance of SCC mixtures 
(constant volume of cementitious materials and W/CM = 0.45) [El-Chabib and Nehdi, 2006] 

6. K. S. Chia et al.) Chia et al. [2004] presents results of an experimental study on the effect 

of superplasticizers and an air-entraining admixture (AEA) on the rheological behaviour of 

fresh lightweight aggregate concrete and the stability of the concrete under vibration. In order 

to evaluate the resistance of concrete to segregation during vibration, the mixture was poured 

into a cylindrical mould and vibrated for 2 minutes while a sample of the same mixture was 

simultaneously tested for its yield stress and plastic viscosity. The vibration table used has a 

fixed frequency of 50 Hz and amplitude of 0.24 mm. The cylindrical mould was made of PVC. 

with internal diameter of 200 mm and height of 300 mm, glued to a plastic base. The PVC 

pipe was precut into six equally thick slices of 50 mm each, and fastened in place with hose 

clips during vibration. After the vibration, each slice was removed individually, and the coarse 

aggregate was washed out through a mesh basket. The mass of the coarse aggregate from each 

layer was then oven-dried and determined. In this study, two parameters—segregation 

coefficient (SC) and mass deviation index (Ml)—were used for evaluation of the segregation 

resistance of fresh concrete. The segregation coefficient was estimated according to the 

following calculation [Khayat and Guizani, 1997] 

SC = JiSSiE (2.34) 

(2.35) 
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where SC is the segregation coefficient (%); h is the thickness of an individual concrete slice 

(50 mm in this study); H is the total height of the mould (300 mm); x, is the mass of the oven-

dried coarse aggregate from each slice, expressed as a percentage of the total mass of the 

coarse aggregate in the concrete in the mould (%); and x is the weighted mean of coarse 

aggregate (%). The SC provides an indication of the segregation potential of a concrete 

mixture. A higher SC value indicates a bigger difference between the contents of LWA in 

various slices. 

The mass deviation index was calculated with the following equation 

MI = x 100% (2.36) 
m 

where m, is the coarse aggregate mass of a layer that has the largest deviation from the mean 

value, and m is the mean value of coarse aggregate mass in each layer. 

At this point, concrete with MI > 15% is considered to have significant segregation. This 

means that, after the vibration, if any layer has a mass that deviates from its mean by 15% or 

more, the concrete is considered to have significant segregation. Further research is needed to 

determine whether the mechanical properties of the hardened concrete are affected when MI is 

> 15%. 

In general, the distribution profiles show an increase in the coarse aggregate mass towards the 

top layer. This was expected, as the LWA had a lower density than the surrounding mortar 

matrix. For some mixtures, however, the top layer did not have the largest mass of LWA. This 

could be due to congestion of LWA at some heights in the concrete sample, which might have 

prevented upward movement of the LWA during vibration. This might explain why certain 

lower layers contained higher coarse aggregate mass than the upper layers. The relationship 

between the SC and MI is given in Figure 2.39. Segregation is assumed significant when the 

MI is > 15%, the corresponding SC value is > ~1.3%. A concrete mixture with the SC value > 

-1.3% was thus considered to have significant segregation between the LWA and the mortar 

matrix. 
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Figure 2.39 Correlation between segregation coefficient (SC) and mass deviation index (Ml) 
[Chia and Zhang, 2004] 

In the study, all the mixtures were vibrated for 2 min on a vibration table with fixed amplitude 

of 0.24 mm and frequency of 50 Hz. Therefore the intensity and energy of the vibration was 

the same for all the concrete. Figure 2.40a demonstrates the effect of the yield stress on the 

SC. All these concrete mixtures had a similar plastic viscosity of about 55 ± 5 Pa s. From the 

figure, the SC seems to increase with a decrease in yield stress. When the yield stress was 

reduced to around 150 Pa and below, the SC value was increased significantly up to 3.8%. 

Figure 2.40b shows the effect of the plastic viscosity on the SC of concrete mixtures with 

similar yield stress of about 400 ±100 Pa. There appears to be a trend that the SC increased 

with a decrease in plastic viscosity. Some of the mixtures had an SC beyond the segregation 

limit of 1.3% at plastic viscosity below about 30 Pa s. The results in Figure 2.40 show that a 

reduction in either the yield stress or the plastic viscosity will increase the segregation 

potential of the fresh LWAC mixture. Under the given amplitude and frequency of vibration, 

the segregation potential of the LWAC mixtures seems to be affected more by the yield stress 

than by the plastic viscosity. 
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Figure 2.40 Effect of (a) yield stress (b) plastic viscosity on segregation coefficient (SC) [Chia 
and Zhang, 2004] 

According to Tattersall [Tattersall and Baker, 1988], the yield stress of concrete will be 

reduced when it experiences vibration. The energy, W (J), transmitted to the concrete during 

vibration can be calculated from [Kirkham and White, 1962] 

W = cms2 f3 t  (2.37) 

where c is a constant, depending on the stiffness and damping in the concrete; m is the 

concrete mass per unit gravitational acceleration (kg/(9.81 m/s2)); s is the amplitude (mm);/is 

the frequency (Hz); and t is time (s). 

According to Walz [1960], this formula is also applicable to table vibration. In this study, only 

one of the five parameters above was not fixed, the constant c. As c is a function of the 

concrete stiffness and damping, it may be related to its yield stress and plastic viscosity. For 

the same intensity and energy of vibration, the higher the yield stress, the longer it may take 

for the yield stress to be reduced to a level low enough to initiate a flow. Therefore, with lower 

initial yield stress, the time taken for the flow of concrete to begin under vibration may be 

shorter as compared with concrete with a higher initial yield stress. This explains why the SC 

in Figure 2.40a was increased as the initial yield stress was reduced, while the plastic viscosity 

was similar for all mixtures. As the plastic viscosity is related to the flow characteristics of 

fresh concrete after an initial yield stress has been overcome, it is believed that the plastic 

viscosity will affect the rate of the upward migration of the LWA. A lower plastic viscosity 
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will result in a higher rate of upward migration of the LWA. This explains why the SC in 

Figure 2.40b was increased as the plastic viscosity was reduced, while the yield stress was 

similar. 

In summary, reducing the yield stress or plastic viscosity beyond certain levels will result in a 

greater tendency for segregation of coarse aggregate from the concrete. 

2.4 Summary 

This whole chapter provides a comprehensive basis of comparison for the results obtained 

from this M.Sc. project which are presented in Chapters 4 and 5. Even though all of the 

aforementioned research is not entirely pertinent to what is carried out in this work, it presents 

some general ideas and reasoning for some of the results observed herein. 
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CHAPTER 3 

EXPERIMENTAL WORK 

This chapter presents the experimental program undertaken in this thesis. Section 3.1 describes 

the foundation of the plans of the experimental program. Section 3.2 provides an overview of 

the entire program. The different properties of the materials used are discussed in Section 3.3. 

Section 3.4 deals with the mix designs utilized in different phases and sub-phases of the 

present work. In section 3.5, the mixing process of SCC is briefly presented. Test methods 

used to characterize the SCC in fresh state are stated in section 3.6. 

3.1 Introduction 

The project seeks to develop test methods to quantify dynamic segregation of SCC mixtures. 

Afterwards, by means of such tests, the effect of several parameters pertaining to mix design 

and fresh SCC properties, such as its rheology, on dynamic segregation is determined. Hence, 

the focus here is not on the properties of the raw materials and admixtures used nor to obtain 

optimized mix designs. Nonetheless, all the raw materials used are in the recommended range 

of corresponding standards, and that was the only requirement to be met. With respect to 

designing the SCC mixtures, in each phase there were different specific criteria taken into 

account while some aspects, such as practicality (mixtures that could be used on the job site 

without major modifications) of the mixture were always considered no matter what the 

specific features were. 

3.2 Experimental program 

This research work comprises two main phases as mentioned before. The first one deals with 

the development of dynamic segregation test methods, namely the test apparatus, test 

procedure, repeatability, and sensitivity analysis. The second phase focuses on determining the 

63 
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potential effect of several parameters, pertaining to either casting conditions or mix design 

parameters, on dynamic stability of SCC using the proposed test methods. 

3.2.1 Phase IA-Deveiopment of test methods 

During the Phase A of the first phase, which was to develop the test device along with the 

most appropriate method to use it as a tool to evaluate dynamic segregation, two types of SCC 

mixtures were used. Both dynamic and static stability parameters of the mixtures were the 

important criteria to be considered at this phase. Stability was mostly assessed by means of 

VSI rating [ASTM C1611/C16UM-05, Standard Test Method for Slump Flow of Self-

Consolidating Concrete, 2005]. It should be noted that while it was cited in the previous 

chapter that the evaluation of stability by VSI is not adequate, the purpose here was to evaluate 

the capability of a test to induce dynamic segregation in a mixture which deemed stable based 

on VSI results (as the most commonly used in-situ test), knowing that such mixture could also 

show severe segregation if subjected to necessary conditions, such as a long flow distance. 

Besides, VSI rating provides a quick simple preliminary assessment of the dynamic stability of 

the mixture and a basis for further comparison. In addition, the test should be sensitive enough 

to distinguish between two mixtures that have apparently different stability levels. It is worth 

mentioning that the variation in stability level was made by changing the rheology of cement 

paste (adding superplasticizer). 

At this sub-phase (IA) the feasibility of using the surface penetration technique to quantify 

segregation and an optimized configuration for the proposed apparatus were also examined. 

Further details on different steps taken to accomplish this sub-phases are provided in Chapter 

4 where the developed devices are presented. 

3.2.2 Phase IB- Repeatability and sensitivity analysis 

Once the preliminary observations approved, a test device and the method of using it, 

repeatability tests were conducted as the sub-phase B of phase I. While this sub-phase was 

extensively done for the surface penetration technique (as a dynamic segregation indicator and 

not an independent test) using four different SCC mixtures, for the rest of the developed test 

setups (Tilting-box and U-tube; see Chapter 4 for detailed description) repeatability was 
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assessed by means of a single mix design (center point of the Central Composite Design 

(CCD) used to examine the effect of rheology on dynamic segregation, see phase II). These 

two test devices evaluate directly the dynamic stability of SCC through their indices obtained 

from sampling and wet-sieving (see Chapter 4). It should be noticed that the fact that 

penetration technique shows adequate repeatability for segregation measurement for most of 

the mixtures implies that T-box also has acceptable repeatability in terms of stimulating 

segregation, and the test follows a certain trend. 

•The basic idea of designing the four mixtures for testing the repeatability of the penetration 

technique was to cover a wide range of slump flows (yield stress) and V-funnel flow times 

(viscosity) for SCC to examine the applicability of the test to such extensive range and 

determine potential limitations. Such ranges were 620 to 730 mm and 5 to 28 sec for slump 

flow and V-funnel, respectively. Static stability was an essential criterion for the design of 

these mixtures. In order to achieve this wide range, the four mixtures were designed so that 

they were on the extreme points of such range as illustrated in Figure 3.1. The mix design 

compositions are mentioned in section 3.4. The variations in workability of mixtures were 

made by changing chemical admixtures content, W/C or W/B, sand aggregate ratio, binder 

composition, and volume content of binder so that the results are as extensive as possible. 

More information about the repeatability tests is presented in Chapter 4. 

V-funnel time 
(sec) (630,26) 

(730, 28) 

(620, 5.5) (715,5) 

Slump flow 
(mm) 

Figure 3.1 Range of the workability characteristics (SF, VF) covered in repeatability tests of 
penetration technique 
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3.2.3 Phase II-Parametric study 

In the second phase, a parametric study was carried out. For most of the factors considered 

herein (flow distance, flow velocity, paste volume) changes were made in a way that only the 

parameter under study varied so that its effect could be determined. This, however, could not 

be achieved for rheology since a CCD with 2 factors (yield stress and viscosity) was used to 

determine the influence of rheology meaning that for some mixtures both of these parameters 

could vary one to another. This is the most popular type of designs used for fitting second-

order models. Generally, the CCD consist of a 2k factorial with n? factorial runs (here np = 4), 

2k axial or star runs (here 2k = 4), and nc center runs (here nc = 4). Such design provides 

information on the effect of each factor, any possible interaction, and errors, as well as the 

linearity or nonlinearity of the relationship between the parameters under study and the 

response. The CCD used in this research is shown in Figure 3.2. More details on this type of 

factorial design can be found in Montgomary [2008]. 

It should be mentioned that since this type of design needs fixed level of parameters, slump 

flow and V-fimnel test results were used to indirectly characterize yield stress and viscosity of 

the mixtures, respectively. As a matter of fact, even a design such the one shown in Figure 3.2 

is difficult to achieve due to all the errors associated with these tests and practical complexities 

involved with designing a SCC mixture with exact same slump flow and V-funnel time as the 

ones in the CCD. Hence, basing the CCD on yield stress and viscosity is practically 

improbable since precise measurement of these properties is not yet possible. Besides, 

designing a SCC to have aimed yield stress and viscosity is extremely complicated. However, 

rheological properties of mixtures for all points of the CCD are measured so that any possible 

relationship between dynamic segregation and these characteristics could be examined. 

Rheological measurements were carried out using the ConTec Viscometer 5 rheometer. This is 

a coaxial cylinder rheometer in which the outer cylinder is rotated at increasing (preshearing 

period) and then decreasing speed and the torque induced by the concrete on the inner cylinder 

is measured. The radii of outer and inner cylinders are 0.145 and 0.1 m, respectively. A 

sample volume of approximately 15 1 is needed to perform the test. The container (outer 

cylinder) is filled with SCC and then placed inside the rheometer chamber where the beater 

would then slide down penetrating the inner cylinder into the concrete sample. 
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Figure 3.2 Central Composite Design (CCD) used to determine the effect of rheological 
properties on dynamic segregation of SCC 

The measurement configuration used in this work is as follows: 

1. For the preshearing period, duration of 20 sec, and a rotation velocity of 0.5 rps was 

set. 

2. During the test, maximum and minimum rotation velocities of 0.5 and 0.025 rps, 

respectively, number of T-N points of 10, transient interval between each velocity of 1 

sec, sampling interval of 4 sec, and 50 sampling points for each velocity step were 

configured. 

With regards to the rheological parameters calculation procedure, yield stress and viscosity, 

the raw torque-velocity data from rheometer was manually treated to obtain the most precise 

values possible. The Bingham model was assumed to express die rheological behaviour of the 

SCC. First, for each velocity, the 50 recorded torque points are examined to verify if 

equilibrium was reached during their measurements. If there were some outliers compared to 

the average or there was a range of non-equilibrium, those specific points or that whole range 

was eliminated, and the torque corresponding to that rotation velocity was calculated as the 

average of the remaining points. Otherwise, the point corresponding to that rotation velocity 

was omitted from the calculations of rheological properties. Once it was assured that all the T-

N points are calculated in a state of equilibrium, yield stress (to) and viscosity (pt) of the 

mixture were calculated using the Reiner-Riwlin equation: 
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where G is yield torque obtained by the linear law between torque and rotational velocity 

(Nm), h is height of the cylinder, submerged in the concrete (m), Ra and Rt are outer and inner 

radii, respectively (m), and H is inclination of the linear law between torque and rotational 

velocity (Nm s). 

Afterwards, the plug flow check was run for each mixture to examine whether all parts of the 

sample were sheared inside the rheometer bucket during the test. Hence, the shear stress on the 

outer cylinder was compared to the calculated yield stress value to make certain that these 

values are larger than yield stress. Failure to meet this condition means that there was a plug 

flow in the rheometer container during the rheology measurements, and thus the calculated 

yield stress and viscosity values based on such data should be corrected. The correction was 

done using an iterative loop in which an initial estimation of yield stress and viscosity was 

introduced to the loop (plug flow is not taken into account yet). Afterwards, these values were 

compared to the yield stress and viscosity values derived from shear stress-shear rate data in 

which for the shear rates calculation, plug radius is used instead of the outer cylinder radius 

for the points that a plug flow occurred. In each iteration step, the sum of the differences 

between iterative parameters and those obtained from shear stress-shear rate data is calculated, 

and the loop is converged when this sum is minimised to a value smaller than 0.001. The final 

values of yield stress and viscosity obtained from the last shear stress-shear rate sets are then 

reported as the rheological parameters of the mixture. 

At last, for each parameter studied in this work, the reference mixture is basically the stable 

mixture used in phase IA, and modifications have been made based on the nature of the 

parameter under study and the practicality aspects. Mix designs of this phase are mentioned in 

section 3.4 as well. 
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3.3 Materials 

3.3.1 Cement 

The cement used during all this investigation is a Type GU Portland cement. The chemical 

composition and the physical properties of this cement are presented in Table 3.1. 

Table 3.1 Chemical composition and physical properties of the GUcement 

Chemical composition (%) 

Si02 20.43 
A1203 4.7 
Fe203 2.92 
CaO 62.39 
MgO 1.81 
S03 3.53 
K20 0.95 
Na20 0.18 
Equivalent alkalis* 0.80 
LOI 2.51 

Bogue composition (%) 

QS 52J9 
C2S 18.7 
C3A 7.5 
C4AF 8.9 

Physical properties 

Density 3.14 
Blaine specific 
surface (m2/kg) 
BET (m2/g) 3 
•Equivalent Na20 = 0.658 K2O + Na20 

3.3.2 Supplementary cementitious materials (SCMs) 

The SCM used in this work involved the use of blast furnace slag (S), Class F fly ash (FA), 

and silica fume (SF). The chemical and physical characteristics of the SCMs are given in 

Table 3.2. 
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Table 3.2 Chemical and physical properties of SCMs 

Fly ash (Class F) Silica fume Slag 
Chemical composition (%) 

SiOz 49.92 95.4 37.79 
A1203 27.61 0.35 7.83 
Fe203 12.28 0.03 0.66 
CaO 3.71 1.12 40.33 
MgO 0.93 0.42 10.32 
SO3 0.30 0.07 0.65 
K20 1.82 0.93 0.44 
NazO 0.35 0.13 0.19 
Equivalent alkalis 1.54 0.75 0.48 
LOI 1.90 1.27 0.81 

Physical properties 
Density 2.36 2.22 2.87 
Blaine specific 

350 324 surface (m /kg) 
BET(mVg) : 20 

3.3.3 Sand 

The sand employed throughout this research has a saturated surface-dried (SSD) density of 

2.65 g/cm3 and absorption of 1.27%. The SSD density and absorption values are determined 

according to the CSA A23.2-6A Standard. The grading curve of the sand is illustrated in 

Figure 3.3. The gradation is carried out according to CSA A23.1 and CSA A23.2-2A 

Standards. It can be seen that the sand conforms to the corresponding standard on all sieves. 

3.3.4 Coarse aggregate 

Two gradations of crushed limestone coarse aggregates of 5-10 mm and 5-14 mm are used in 

this research. The former aggregate has a SSD density of 2.77 g/cm3 and water absorption of 

0.52%. These values are 2.74 g/cm3 and 0.43%, respectively, for the 5-14 mm aggregate. The 

grading was carried out according to CSA A23.1 and CSA A23.2-2A Standards. The density 

and absorptions tests conform to CSA A23.2-12A Standard. The gradation curves for the 5-10 

mm and 5-14 mm aggregates are demonstrated, in Figures 3.4 and 3.5, respectively. The 5-14 

mm aggregate fails slightly to meet the standard requirements on 14 mm sieve size and has 

also a small fraction of particles finer than 1.25 mm. The former, however, does not cause any 
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problems since in most parts a combination of 10% of 5-10 mm and 90 % of 5-14 mm gravels 

were used, thus resulting in a gradation that adequately lies within the CSA recommendations 

given range for the 5-14 mm aggregates (Figure 3.6). The latter, namely particles finer than 

1.25 mm, mostly seems to be dust associated with the aggregate supplies based on 

observations during grading tests, and thus do not have significant effects on final results of 

this study. 
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Figure 3.3 Gradation curve of sand 
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Figure 3.4 Gradation curve of 5-10 mm aggregates 
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3.3.5 Chemical admixtures 

In all phases of this project, two types of polycarboxylate-based High Range Water Reducer 

Admixture (HRWRA) were used, SP1 and SP2. The former is a slump-retaining HRWRA 

which was utilized to keep the fresh properties constant over the time needed to carry out all 

the tests. Whenever small viscosity adjustments were needed, a polycarboxylate-based 

Viscosity-Modifying Admixture (VMA) was used. The properties of aforementioned 

admixtures are given in Table 3.3. The data sheets of the chemical admixtures are provided in 

Appendix A. The HRWRAs correspond to ASTM C 494, type A (SP1) and F (SP1 and SP2) 

admixtures. 

Table 3.3 Properties of different chemical admixtures 

Name Type 
Dry content Density at 

25°C fefal) 

SP1 

SP2 

VMA 

Polycarboxylate-based 
HRWRA 
Polycarboxylate-based 
HRWRA 
Polycarboxylate-based 
VMA 

31.52 

31.52 

42.50 

1.075 

1.07 

1.207 

3.4 Concrete compositions 

As mentioned in section 3.1, in different phases and sub-phases of this project, several 

mixtures having various design approaches were used. In this section, these mix designs are 

presented and named so that they could be referred to using their short-form names in the 

subsequent chapters. 

Table 3.4 presents the SCC mixtures used in phase IB, repeatability evaluation of surface 

penetration technique (Chapter 4). 

SCC mixtures used to examine the effect of number and duration of cycles in T-box test on 

dynamic segregation of SCC (see Chapter 5) is given in Table 3.5. 

Table 3.6 shows the SCC mixtures used in the CCD for determining the influence of 

rheological properties of mortar (or cement paste) on dynamic segregation. It should be noted 
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that the mixture used for the center point (Rh5) is the same as the one used to evaluate the 

repeatability of volumetric index of T-box and U-tube tests (the center point in a CCD is 

included to determine to errors of the test; hence, no extra test was required to assess the 

repeatability). 

The air content of the mixtures varies from 1% to 2%, and the density is around 2350 kg/m3. 

Table 3.4 SCC mixtures used for repeatability evaluation of penetration technique 

Mixture SCC1 SCC2 SCC3 SCC4 

Type GU cement, kg/m3 344 344 300 300 

Class F fly ash, kg/m3 119 119 - -

Silica fume, kg/m3 12 12 - -

Blast furnace slag, kg/m3 
- - 300 300 

Total binder 475 475 600 600 

Water, kg/m3 181 181 165 165 

Sand (0-5 mm), kg/m3 950 950 897 897 

Coarse (5-10 mm) 70 70 . _ 

aggregate, 
629 kg/m3 ( 5 - 1 4  mm) 645 645 629 629 

HRWRA, SP1 2.7 2.81 3.19 2.15 

L/m3 SP2 1 1.75 2.61 2.51 

W/B 0.38 0.38 0.28 0.28 

W/C 0.53 0.53 0.55 0.55 

S/A ratio by volume 0.58 0.5& 0.60 0.60 

Slump flow (mm) 620 715 730 630 

V-funnel (sec) 5.5 5.0 28.0 26.0 

VSI 0 1 1 0 
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Table 3.5 SCC mixtures used to examine the effect of number and duration of cycles in T-box 
on dynamic segregation 

Mixture VD1 VD2 VD3 VD4 

Type GU cement, kg/m3 344 344 277 277 

Class F fly ash, kg/m3 119 119 - -

Silica fume, kg/m3 12 12 - -

Blast furnace slag, kg/m3 
- - 275 275 

Total binder 475 475 552 552 

Water, kg/m3 181 181 165 165 

Sand (0-5 mm), kg/m3 950 950 950 950 

Coarse (5-10 mm) 70 70 70 70 
aggregate, 
kg/m3 (5-14 mm> 645 645 645 645 

HRWRA, SP1 2.11 2.15 2.60 2.05 
L/m3 

SP2 1.67 2.15 2.60 2.05 

W/B 0.38 0.38 0.30 0.30 

W/C 0.53 0.53 0.60 0.60 

S/A ratio by volume 0.58 0.58 0.58 0.58 

Slump flow (mm) 640 700 710 630 

V-funnel (sec) 5.5 5.0 25.5 33.0 

VSI 0 1 1 0 
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Table 3.6 SCC mixtures used to determine the influence of rheology on dynamic segregation 

Mixture Rhl Rh2 Rh3 Rh4 Rh5 Rh6 

Type GU cement, kg/m3 344 377 380 320 377 362 

Class F fly ash, kg/m3 119 130 131 116 130 -

Silica fame, kg/m3 12 13 - 28 13 -

Blast furnace slag, kg/m3 
- - 13 - - 195 

Total binder 475 520 524 464 520 557 

Water, kg/m3 181 165 165 181 165 164 

Sand (0-5 mm), kg/m3 950 950 950 950 950 950 

Coarse (5-10 mm) 70 70 70 70 70 70 
aggregate, 
kg/m3 (5-14 mm) 645 645 645 645 645 645 

HRWRA, SP1 1.96 2.18 2.45 2.13 2.55 2.82 

L/m3 SP2 1.72 1.92 21.5 1.87 2.15 2.48 

W/B 0.38 0.32 0.31 0.39 0.32 0.29 

W/C 0.53 0.44 0.43 0.57 0.44 0.45 

S/A ratio by volume 0.58 0.58 0.58 0.58 0.58 0.58 

Slump flow (mm) 630-740* 600-750* 620-730* 680 675±5 675 

V-funnel (sec) 4.5 11-9.5** 14 3.5 9 16.5 

VSI 0-2f 0-2f 0-2f 1 0.5 0.5 

* HRWRA is added to the same mixture to reach the second slump value in order to have a 

mixture with different yield stress and almost the same viscosity. 

** Slight V-funnel variation due to the addition of HRWRA. 

f Variation in the stability of mixture due to the slump flow increase caused by HRWRA 

addition (yield stress reduction). 

Finally, the mix designs used to assess the effect of paste volume on dynamic segregation of 

SCC are shown in Table 3.7. 
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Table 3.7 Mixtures used to assess the effect of paste volume on dynamic segregation 

Mixture PV35 PV40 PV45 PV50 

Type GU cement, kg/m3 315 365 414 462 

Class F fly ash, kg/m3 109 126 143 160 

Silica fume, kg/m3 11 13 14 16 

Blast furnace slag, kg/m3 
- - - -

Total binder 435 504 571 638 

Water, kg/m3 166 191.5 217.4 242.5 

Sand (0-5 mm), kg/m3 993 917 840.5 764.5 

Coarse (5_10 mm) 73.5 . 67.5 62 56.5 
aggregate, 

623 kg/m3 (5-14 mm) 674.5 623 571 519 

HRWRA, SP1 1.88 2.18 2.46 2.75 

L/m3 SP2 1.66 1.92 2.18 2.44 

W/B 0.38 0.38 0.38 0.38 

W/C 0.53 0.53 0.53 0.53 

S/A ratio by volume 0.58 0.58 0.58 0.58 

Slump flow (mm) 560 680 820 840 

V-funnel (sec) 9.0 4.0 2.0 1.5 

VSI 0 0.5 3 3 

3.5 Mixing procedure 

Monarch drum mixers with capacities of 50 and 100 1 were used. The mixing sequence of 

SCCs is presented in Table 3.8. 
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Table 3.8 SCC mixing sequence 

Step Description Time (min) 

1 Introducing the sand into the mixer and mixing for 1 minute 

2 Correction of mixture content of water 

-j Adding coarse aggregates to the mixer and mixing for 2 minutes 
J 

to assure homogeneity of the granular mixture 

Introducing the entire water amount (except for a little quantity to 

4 be mixed with admixtures in the next step) and mixing for 30 

seconds 

5 Introducing the cementitious materials T = 0:00 

6 Adding the chemical admixtures diluted in water T = 1:00 

7 Stopping the mixer for 3 minutes T = 4:00 

8 Start mixing for 2 minutes 

Examining the fresh properties of SCC either visually or by 

T = 7:00 

9 running the appropriate tests to check whether they meet the 

aimed requirements 

T = 9:00 

10 
If necessary , making modifications to the mixture fresh properties 

10 
by means of chemical admixtures 

3.6 Testing methods 

All the tests are performed as soon as the batching is finished. The two main tests used to 

characterize the fresh properties of SCC are the slump flow and V-funnel flow tests. Results of 

such tests are the controlling parameters, namely once they are adequately close to the aimed 

values, the SCC is approved and the other tests, including the ones developed in this project to 

evaluate dynamic segregation, are carried out. 

Table 3.9 presents in general the tests used in different parts of this research project along with 

the corresponding standards and guidelines where applicable. 
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Table 3.9 Test methods used in the experimental program 

Property Test type Standard/ Guideline 

Filling ability, yield stress 

Filling ability (flowability), 
viscosity 

Rheological parameters 
- Yield stress (r0) 
- Plastic viscosity (ji) 

Dynamic stability 

Dynamic stability 

Slump flow 

V-funnel 

ConTec concrete 
viscometer 

T-box (see Chapter 4) 

U-tube (see Chapter 4) 

ASTMC 1611 

PCI TR-6-03 
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CHAPTER 4 

DEVELOPMENT AND VALIDATION OF 

DYNAMIC SEGREGATION TEST METHODS 

This chapter presents the results obtained from phase I of this research work. Section 4.1 

describes the test method developed to evaluate dynamic segregation over horizontal flow, the 

Tilting-box or T-box. In addition, the new surface penetration technique which can be utilised 

along with T-box to rapidly quantify segregation occurred in that device is explained. Then, 

the test method proposed to assess segregation due to freefall of SCC, U-tube, is discussed in 

section 4.2. 

4.1 Tilting-box method 

When designing a test method to assess dynamic segregation during flow, a number of 

requirements need to be satisfied: 

- First, the flowing distance of concrete needs to be long enough to give useful 

information about dynamic segregation. Typical flow distance of SCC in the field 

ranges from 3 to 9 m and in some cases can be as long as 30 m [Shen, 2007]. It is not 

possible to make a 6-m long apparatus for a dynamic segregation test. At the same 

time, a testing method with a short traveling distance may not reveal dynamic 

segregation in long flow distance. 

- The second requirement is that the concrete sample volume needs to be small enough 

to be easily handled in the laboratory or on site. 

- The third requirement is that the testing apparatus is portable and easy to construct. 

- The fourth and last is that other affecting factors, such as static segregation and 

variation in surface friction, are minimized [Shen, 2007]. Moreover, any practical test 

should not be time-consuming both to carry it out and to determine the relevant 

81 
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segregation index. These requirements were taken into account for designing the test 

methods. 

4.1.1 Test device 

The aim of this test is to evaluate the resistance of SCC to dynamic segregation occurring due 

to flow over long distance. One way to enable spread over a distance in a limited length test is 

to have flow cycles, which was adopted for the designing of the T-box device. The T-box 

initially consisted of a rectangular channel measuring 103 cm long (100 cm between the inner 

faces of two extreme walls), 20 cm wide, and 41 cm high, hinged in the middle to a support as 

illustrated in Figures 4.1 and 4.2. Such configuration allows the device to freely tilt left- and 

right-hand sides which then makes it possible to produce flow cycles. One of the side walls is 

made of wood, and the other one along with the two gates are made of plexiglass acrylic 

transparent sheets. The bottom is also made of plexiglass acrylic sheet. 

The width of the device (20 cm) is an optimized value that could be both representative of 

typical formwork widths on job-sites and reasonable in terms of the size of the device. The 

depth was mostly selected based on the capacity needed for the initial SCC volume for use in 

the T-box (30 liters). In addition,' the height of the side-walls should be enough to allow 

mounting reinforcing bars in the future to examine their effect on dynamic segregation. 

As cited in section 3.2, during phase IA of this project, attempts were made to find the most 

appropriate and optimized method to use such apparatus as a dynamic segregation test method. 

Hence, as a first try, 30 liters of SCC was poured into the device then tilted for some cycles. 

One cycle was corresponded to: starting from the horizontal position, tilting the device to one 

side until the end edge touches the floor, and then returning to the horizontal position and 

tilting to the opposite side again until the edge touch the floor, and finally moving back to the 

horizontal position all in one continuous movement. 

Such formation of cycles and concrete volume provided some inconsistent results; namely, 

though in general the coarse aggregates tended to collect in the middle part of the channel. 

Such tendency was not observed for all the mixtures used to verify the adequacy of the test. 

Part of this phenomenon was probably due to the large effects of inertia on such relatively 

large volume of concrete (30 1) making the remixing effects inside the concrete more critical. 
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As a result, the agitations induced particularly in less stable mixtures would cause a chaotic 

distribution of aggregates. 

-103 cnv-
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Figure 4:1 Sketch of initial configuration of the T-box 

Figure 4.2 T-box device with concrete inside held in horizontal position using two removable 
side supports 

In order to both make the test more practical and decrease the inertia effects, the volume of the 

SCC was reduced to 16 liters. Such volume secured a filling height of 8 cm inside the 

apparatus, which is four times greater than the maximum aggregate size recommended for 
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SCC (the recommended value for a flow to be considered homogeneous is five times the 

maximum aggregate size [Roussel, 2007]). Consequently, it can still be assumed that even 

with such sample volume, the effects of bottom friction are not dominant, and that the 

phenomena occurring inside the device are adequately representative of full-scale casting. 

This reduction in sample volume led to more consistent results. Figure 4.3 demonstrates 

different states of a given SCC mixture in terms of homogeneity before and after the T-box 

test. It is seen from Figure 4.3a that the concrete is quite stable based on VSI from slump flow 

test (VSf=0). Figure 4.3b shows the state of concrete immediately after it is poured into the 

device which seems to be homogeneous. Finally, Figures 4.3c and d illustrate side and middle 

parts of the device after the test, respectively. It is observed that coarse aggregates 

accumulated in the middle section and are visible on the surface while on the side section 

mortar appears on the top layer. 

Despite the consistent results and tendency for this test configuration, two major problems in 

the performance of the apparatus led to a third modification of the configuration. First, as the 

SCC became statically unstable, due to the rapid settlement of the coarse aggregates after the 

introduction of concrete into the device, the test was not capable of inducing dynamic 

segregation in the sample. Second, even if the SCC was sufficiently statically stable, the 

induced segregation was not severe enough in most cases (at least in a reasonable time of 

testing). 

Therefore, in the third and final trial, while retaining the same SCC sample volume, as shown 

in Figure 4.4, a fixed support was added to one end of the apparatus restricting its tilting 

motion to only one side. With this new configuration, there are two important distinguishable 

sections in the device after the test; the side that tilts down during the test (tilt down) where 

coarse aggregates accumulate over time, and the opposite end that tilts up (tilt up) to the 

horizontal direction where at the end a layer of mortar can be found on top. 
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(c) (d) 

Figure 4.3 Results of T-box test carried out with 161 of SCC and tilted to both sides, (a) slump 
flow test for the SCC mixture, (b) state of SCC before the test, (c) state of SCC after the test in 

the side section, and (d) in the middle section 
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Tilt down 

Figure 4.4 Final configuration of T-box test 

Figures 4.5 and 4.6 demonstrate the performance of such formation for an unstable and a 

stable SCC, respectively (assessment of stability is based on VSI). As it can be seen, the test is 

capable of inducing segregation in two SCC mixtures which obviously have different stability 

levels, and that the segregation patterns are alike. Henceforth, this method of using T-box 

solved all the aforementioned issues and was selected as the most adequate and appropriate 

method to be exploited for a dynamic segregation evaluation test. 

It should be noted that this new configuration also changed the definition of one cycle. Thus, a 

cycle is reached when the T-box tilts from initial horizontal position (Figure 4.7a) to the side 

with no support until its edge touched the floor (Figure 4.7b) and then moves back to the 

horizontal position (Figure 4.7a) all in one continuous movement. 

An intuitive explanation for the physical phenomenon which occurs during the tilting test is 

that in each first half cycle concrete is forced to flow towards the tilt down side. Conversely, 

in the second half, it is compelled to flow back to its initial position. The more unstable the 

concrete is, the less coarse aggregate can move back to tilt up section. Consequently, as the 

number of cycles (travel distance of concrete) increases, coarse aggregates is cumulatively 

collected in the tilt down section leading to the formation of an upper zone with lower coarse 

aggregate content and a rich mortar layer near the upper surface of the tilt up section. 
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(c) (d) 

Figure 4.5 Results of the final version of T-box test for an unstable SCC, (a) slump flow result 
for the sample, (b) VS1 result at the beginning of the test, (c) tilt down side, and (d) tilt up side 

(at 120 cycles) 
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(a) 

(b) (c) 

Figure 4.6 Results of the final version of T-box test for a stable SCC, (a) slump flow and VSI 
results for the sample before the test, (b) tilt down side, and (c) tilt up side (at 120 cycles) 

Figure 4.7 Schematic illustration of one cycle of T-box test final version, (a) initial and final 
positions, and (b) half-cycle position 
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4.1.2 Surface penetration technique to evaluate segregation 

As mentioned in section 2.2.2, several researchers have proposed different penetration devices 

to evaluate and quantify dynamic segregation of SCC. While geometries could be different 

from one setup to another, all of them follow the same principle. The principle of the 

penetrometer is to push a solid object through a material under a given force and measure its 

depth of penetration [Coussot, 2005]. In the case of cementitious materials, such as concrete, 

usually the device consists of a head fixed to a shaft which is put on the surface of the material 

and allowed to penetrate vertically under the action of its own weight. The shaft is then 

responsible for keeping the head vertical during the penetration process. 

The common approach in terms of geometry and weight of the whole apparatus is to design 

them in such a way that it would only penetrate in the mortar or paste layer on top [El-Chabib 

and Nehdi, 2006; Bui et al., 2002]. While there is a relatively adequate correlation between the 

vertical settlement of aggregates in concrete and the layer of mortar or paste found on its 

surface [El-Chabib and Nehdi, 2006], when longitudinal aggregate distribution is also 

important (as in dynamic segregation) such correlation becomes unacceptable [Bui et al., 

2002]. Besides, the repeatability and sensitivity of such devices are not adequate either, which 

is mostly due to their light weight and low contact surface. Hence, the approach adopted in 

this study is rather different, namely the penetration apparatus was designed in a way that it 

could penetrate not only in the top mortar/paste layer, but also partially through the next layer 

which probably contains some coarse aggregate. In addition, the contact surface is relatively 

high which provides more repeatable measurements. 

Considering an appropriate shape for the penetration head, Coussot [2005] stipulated that if it 

can be assumed that the liquid regime has been reached almost everywhere along the 

penetration surface, by neglecting buoyancy effects, the yield stress for a cylinder penetrating 

the fluid is essentially inversely proportional to the depth of penetration, whereas it is 

inversely proportional to the square depth in the case of a cone. In practice, this implies that, 

on one hand, the experimental results with the cone will appear more robust; some fluctuations 

of the yield stress value induce smaller variations of the measured depth with the cone than 

with the cylinder. This is likely the reason for the frequent use of this geometry in practice. On 
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the other hand, it means that using a cylinder is in principle a more precise technique since 

variations of the fluid yield stress would more accurately affect the penetration depth. 

Based on the preceding discussion, the penetration device head was designed to have the form 

of a circular frustum. To comprehend the idea behind it, it would be beneficial to take a closer 

look at the tilt up section of the T-box device. Over the course of the test, a region rich in 

mortar and poor in coarse aggregate develops in this section (a square of 20 x 20 cm). A 

complex distribution of coarse aggregates was observed in this region. The distribution is 

heterogeneous, both horizontally and vertically, mostly due to dynamic segregation and 

partially because of static segregation effects. Thus, the depth of penetration for a 

penetrometer that can penetrate through the mortar layer as well as layers with aggregates is 

then a complicated function the local yield stress of each layer. Such depth, nevertheless, 

could be a reliable indicator of dynamic segregation if the device is both sufficiently robust 

(cone-shaped) and sufficiently sensitive (cylindrical-shaped). Consequently, a circular frustum 

could be the solution in the case of T-box test since it provides a combination of both shapes. 

It should be noted that such claim was approved during the experimental program. 

Based on the preceding paragraphs, the penetrometer developed in this work consisted of a 

head in the form of a circular frustum with a base diameter of 5.4 cm, top diameter of 7 cm, 

and a height of 6.7 cm. Three holes of 1 cm in diameter are axisymmetrically included at the 

bottom to eliminate the buoyancy effects. A tiny hole on the top surface is provided to 

eradicate any possible influence of air entrapment on the penetration depth. The head is 

attached to a shaft which would then be inserted in a frame mounted on the top of the T-box 

walls. The whole structure serves to retain the penetration direction as vertical as possible. The 

total weight of the penetrometer (head + shaft) is 104 g. The penetrometer is assembled to the 

frame, and the whole structure is mounted on the T-box tilt up section. Afterwards, the 

penetrometer is allowed to freely penetrate through the concrete until it stops. At the end, the 

device is removed and the penetration depth is directly measured on the head at the places of 

maximum and minimum penetration. The reported depth, referred to as penetration depth (Dp) 

henceforward, is then the average of the two values calculated to one decimal unit. Figure 4.8 

schematically illustrates the penetrometer, the frame, and how they are mounted on the T-box 

device. Figure 4.9 shows the penetrometer made in the laboratory along with its frame. 
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Figure 4.8 Penetration apparatus and its frame illustrated both separately and on the T-box 

Figure 4.9 Penetration apparatus (penetrometer) and its frame 
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4.1.3 Test procedure of the Tilting-box test 

The aim of the T-box test is to evaluate the resistance of SCC to dynamic segregation 

occurring due to flow over long distances. Therefore, as cited before, this is a cyclic test 

making it possible to simulate dynamic segregation over an unlimited distance be means of a 

limited length. Another fact, considering the cycles, is that they make the T-box a "flexible" 

test, namely the number of cycles and their duration can be adapted based on the casting 

parameters in any given project. 

With respect to the procedure, 16 liters of SCC is introduced into the box as a first step. Then, 

the cycles are performed according to the specified duration and as many as determined based 

on the given application. As a rule of thumb, a combination of 60 cycles of 2 seconds each 

was found to be an adequate indicator of segregation regardless of the specific conditions of 

the casting. At last, the box is held horizontal and the segregation is evaluated using two 

different techniques. 

The main assessment technique is surface penetration. The best indicator of segregation 

derived using this method, as mentioned, is the penetration depth growth on the side that tilts 

upwards (tilt up section), or briefly PDG. In order to obtain this index, the initial penetration 

depth on the tilt up (DPj, where "i" stands for initial) side is measured right after pouring the 

SCC into the box (in the first step). Likewise, when the test is finished, the penetration depth is 

recorded on the same side (DPf, where "f' stands for final). The difference between these two 

values is an indirect indication of segregation. This index is shown in equation 4.1. All 

measurements are in mm. 

PDG (mm) = Dpf - Dpi (4.1) 

The other evaluation method is the conventional sampling technique (derived from the concept 

of segregation) that is widely used in North America to assess segregation of any kind. Several 

examples were provided in Chapter 2 on dynamic segregation test methods that use this 

technique to quantify segregation. In addition, in case of static stability, column segregation 

test index is based on washing technique too. To obtain such index, samples are taken from the 

two opposite ends of the box (an approximate area of 20 * 20 cm) and are washed out over a 

4.75 mm sieve. The weight of the coarse aggregates retained on the sieve is then determined 
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and a segregation index is derived from the relative volume of aggregates in each sample. This 

index, referred to as volumetric index (VI) in this work, is defined as: 

VI vtd~vtu— x 100 (4 2) 
Average (Vtd .VnJ 

where Vtd is relative coarse aggregate volume (the ratio of volume of aggregates > 4.75 mm to 

the total volume of SCC sample) in the tilt down section and Vtu is relative coarse aggregate 

volume in the tilt up section. This washing technique in this work is limitedly utilized to verify 

the penetration growth. 

Figure 4.10 presents an example of the distribution of aggregates after the test (120 cycles of 2 

seconds each) for four different SCC mixtures covering a wide range if workability 

characteristics. Such a variety in the mixtures used assures the performance of the test is 

similar for all types of SCC. In this figure the volume content of coarse aggregates in SCC 

samples taken from the two extremities of the box and the one taken from the mixer are 

compared. Several observations can be made. First, as explained in section 4.1.1, the volume 

of aggregates in the tilt down section is always larger than or equal to that of the tilt up 

section. Secondly, while in all cases the aggregate content is larger in the tilt down sample 

compared to the sample of mixer, there are two cases of inconsistency in the tilt up section, 

namely the aggregate content is lower in mixer sample than the one from tilt up. This 

observation is physically impossible since the relative volume of aggregates initially 

introduced into the device is theoretically equal to that of mixer, and thus if the tilt down 

region has higher aggregate content after the test, the tilt up should have lower relative to 

mixer to maintain the" original balance. Consequently, such phenomenon could only be 

originated from the errors associated with sieve washing technique. For instance, during 

sampling there is always some paste loss in form of non-removable layers of paste on the 

internal surfaces of the test device which could have a thickness of up to 4 mm. if the 

difference between the aggregate content of tilt up section and mixer is not significant, such 

loss could lead to a higher aggregate content in the tilt up section than mixer considering that 

such paste loss does not occur during sampling from mixer. Another source of error could be 

calculation of the volume of the sample taken from tilt up zone as this volume is not fixed and 

need to be measured for each SCC while mixer sample has always a fixed volume. 



94 DEVELOPMENT AND VALIDATION OF DYN. SEG. TEST METHODS 

S 26 

Hit down TBt lip 
Soarcc of unpfai 

•SF=620VF=5.5 
VSI=0(SCC1) 

•SF=715VF=5.0 
VSI=I (SCC2) 

H SF=820 VF=19.0 
VSI=2 

0SF=73OVF=28.O 
VSI=1 (SCC3) 

•SF=630VF=26.0 
VSI=0 (SCC4) 

Mixer 

Figure 4.10 Aggregate distributions after T-Box test (obtained from sieve washing - 120 
cycles of 2 seconds) 

At last, the difference in aggregate volume content of samples taken from the two locations of 

the T-box for each SCC increases as the concrete becomes less stable (higher slump flow 

and/or VSI and/or lower V-funnel time). Such indices are 12.5%, 22%, 17%, and 6% for 

SCC1, SCC2, SCC3, and SCC4, respectively. As can be seen, SCC2 has the highest slump 

flow and the lowest V-funnel flow time and then highest segregation index among the four 

SCCX mixtures. Thus, this means higher segregation indexes for less stable concretes which 

confirm the successful performance of the device. Several examples of the results obtained 

from this test method in terms of both of the indices are presented in the subsequent section 

and Chapter 5. 

4.1.4 Repeatability of Tilting-box test 

As mentioned in the previous chapter, for penetration apparatus, repeatability tests were 

performed on four SCC mixtures having different slump flow values (620-730 mm) and V-

funnel times (5-28 sec) representing a wide range of yield stress and viscosity variations. As a 

result, the outcome of such repeatability tests allows ensuring the applicability of the tilting 

test to almost all SCC types. The mix designs used in this part were presented in Table 3.6. 

Three replicates were considered for each SCC mixture. 
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Analysis was carried, out based on a 90 percent confidence interval. As explained, since a set 

of 60 cycles of 2 seconds each was found to be a reliable segregation assessment no matter 

what the casting conditions are, the repeatability tests were carried out using this combination. 

Table 4.1 summarizes the results of the repeatability tests. The point to be borne in mind is 

that though the relative errors of penetration technique (PDG index) are in the range of 10% to 

20 %, the values of different replicates for a given SCC are sufficiently similar. In other 

words, from a practical point of view, such repeatability is adequate to determine different 

stability zones based on penetration value measurements as will be seen in Chapter 5. 

Figure 4.11 illustrates the results of penetration depth growth for the repeatability tests. It can 

be seen that penetration depth values are quite similar for a given SCC. Besides, they have an 

acceptable correlation with their corresponding volumetric indexes. Thus, practically 

speaking, penetration is a sufficiently reliable technique to assess dynamic segregation of SCC 

in the tilting test. However, for examining the effect of various parameters on dynamic 

segregation of SCC using T-box test, it is preferable to exploit volumetric index (VI) as it is a 

more precise and sensitive direct indicator. 

SCCl SCC2 SCC3 

Mixture type 
SCC4 
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Figure 4.11 Repeatability results of penetration assessment technique and their correlation 
with VI 



Table 4.1 Repeatability results for penetration technique 
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Besides, as seen in Figure 4.11 and will be illustrated in next chapter, the PDG index does not 

accurately reflect the magnitude of segregation; namely, a large increase in VI will not 

necessarily induce an increase of the same order in PDG scale which is expectable since what 

is measured by means of penetrometer might not have a linear relationship with dynamic 

segregation (VI). Nevertheless, in most cases, a SCC with higher VI has a larger PDG 

compared to a'SCC with lower VI. This fact can be seen in Figure 4.12 that presents all the 

PDG-VI data obtained over the course of this research. The points presented in this figure 

include all mixtures mentioned in Chapter 3, could be obtained after 60 or 120 cycles, and for 

any of 2,4, or 6 sec durations. Hence, this relationship does not depend on any of the mixtures 

properties nor the employed test procedures. 

y=-0.001xJ +0-250* 
R'=0.909 -o— 

Zone of acceptable liability 

70 80 90 10 20 30 40 50 60 100 0 
VI (H) 

Figure 4.12 Relationship between the two indices of the T-box test along with the zones of 
acceptable stability and segregation 

It can be seen that there is a good agreement between the two indices of T-box test. Three 

zones of stability can be distinguished in Figure 4.12. First, the area confined between the 

VI = 13% and PDG = 3 mm which represents the zone of high dynamic stability. Second, 

there is the transition zone between stability and instability found between the lines of VI = 

13%, VI = 25%, PDG = 3mm, and PDG = 5.5 mm. It should be mentioned that the concretes 

in this area still have an acceptable stability. Finally, above VI = 25% and PDG = 5.5mm there 

is the segregation zone in which the concrete does not show an adequate level of stability. 

Based on Figure 4.12, in order to achieve acceptable dynamic segregation resistance, the 
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mixture should be designed to have a PDG < 5.5 mm in T-box test. It must be borne in mind 

that such criterion depends on neither number nor duration of cycles. 

Table 4.2 presents the results obtained from the center point of the CCD used to examine the 

effect of rheology on dynamic segregation which could also serve as a mean to evaluate 

repeatability of T-box test when VI is used. It must be noted that the results observed in this 

table are derived after 120 cycles of 2 seconds each. Moreover, the measurement of PDGs also 

is a fifth try of repeatability for the penetration technique. With regards to VI, the relative error 

is practically adequate for such a low index. It is worth noting that considering all the errors 

associated with sieve-washing method, 1% difference observed between the results of several 

tries is quite negligible, and the four indices are nominally the same. Hence, even though the 

exact analysis shows a relative error of 11%, in practice such value is close to zero. A similar 

argument can be found in [Shen, 2007] when the repeatability of flow trough is discussed. 

With respect to PDG, analogous results to that of Table 4.1 are seen here as well. It is 

important to note that though theoretically the relative errors are rather high, practically such 

precision is quite acceptable for the PDG index. Another interesting fact about Table 4.2 is 

that the VI-PDG results are compatible with what is observed in Figures 4.11 and 4.12, which 

proves once more the satisfactory performance of T-box test and the compatibility of its two 

indices. 



Table 4.2 Repeatability results for T-box volumetric index (VI) 
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4.1.5 Limitations of Tilting-box test 

Based on the obtained results and observations from T-box test and surface penetration 

technique, some limitations of this test method could be determined as follows: 

1. While the T-box and penetration setup have an acceptable performance for SCC, their 

results are not precise enough for SCCs with utterly low slump flows and high V-

funnel times at the same time (in some cases such concrete does not meet the 

requirements of SCC and should be called semi-SCC). That could be due to the fact 

that the level of dynamic segregation occurring in such concrete is too low to be 

quantified accurately by means of such devices. The aim of this work, however, was to 

develop test methods to assess the dynamic segregation of SCC. 

2. For long durations of cycles, such as 6 seconds, the correlation between VI and PDG is 

no longer acceptable. One reason for this could be that in such low flow velocities, for 

a given SCC, more coarse aggregates remain on the surface which would then lead to 

lower penetration depths. This phenomenon could originate from the fact that for low 

velocities, there could be regions of plug flow inside the T-box meaning that the type 

of segregation in those areas is static. In such a region, yield stress is not weakened 

compared to sheared areas. Thus, a higher upwards drag force is exerted on aggregates 

and less vertical segregation occurs. The fact that the VI still provides reasonable and 

compatible results shows that in this case a lower vertical settlement rate could be a 

probable parameter compromising the previously adequate performance of the 

penetrometer. 

3. The device must be horizontally balanced before the test. A slope of more than a few 

degrees would adversely affect the results in a significant manner. 

4. For highly unstable SCCs, either statically or dynamically, the performance of the test 

is compromised since the coarse aggregate distribution after introducing the concrete 

into the test device and then during the test is extremely random. Consequently, when 

the test is finished, the aggregate distribution in tilt up and tilt down sections might not 

follow the general trend previously observed leading to unreliable indices. 
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4.1.6 Conclusions 

According to the preceding sections, the following conclusion can be drawn: 

1. The T-box apparatus along with its testing procedure constitutes a satisfactory dynamic 

segregation test method to be used in laboratory or in-situ to evaluate dynamic stability 

of SCC. 

2. The surface penetration technique was shown to be a promising method for quantifying 

dynamic segregation in the T-box. Such technique is easy-to-use compared to the 

traditional sieve-washing technique, and hence, makes the T-box test a more practical 

test. 

3. The two segregation indices, namely Volumetric Index (VI) and Penetration Depth 

Growth (PDG), derived from different techniques are in good agreement. However, the 

PDG index cannot always reflect the order of the magnitude of the segregation, which 

can be evaluated from VI changes since the range of variations of PDG is much 

smaller compared to that of VI. Nevertheless, for the purposes of stability 

characterization and comparison between mixtures the PDG index can be reliably used. 

4. The repeatability of T-box was assessed based on both VI and PDG that are the indices 

obtained from sieve-washing and penetration techniques, respectively. Although in 

some cases the relative errors are rather high (20%), the repeatability of these methods 

is adequate enough to be utilized as basis to categorize different SCCs in terms of their 

dynamic stability level. 

4.2 U-tube method 

As cited before, another test method was developed to simulate dynamic segregation occurring 

due to the impact of concrete following the free fall into the formwork, which can lead to 

segregation. Here, the same design criteria as used for the T-box apply except for the length of 

the device. The device should be easy to construct and portable. The employed sample volume 

should be limited; and, the results should be mostly affected by the phenomenon under study 

rather than surface friction or static segregation or any other parameter that is not of interest. 
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In other words, both theoretical and practical aspects should be met at the same time in an 

optimized way. 

4.2.1 Test device 

Various configurations could be considered for a freefall test. Such configurations could fall 

into two initial general categories, first an unconfined flow of concrete after the freefall impact 

such as freefall on a plate, and second a confined one such as freefall in a channel. While the 

former could be advantageous in some cases, the latter was selected here due to two principle 

reasons. First, sampling is more difficult and less accurate in an unconfined test since the final 

thickness of the concrete is normally too small as in a slump flow test. Second, as discussed in 

section 4.1.1, the small thickness of the concrete during the flow after the freefall contributes 

to an increase in the effect of bottom friction which is a phenomenon to be avoided if the 

effect of dynamic segregation is to be examined precisely. 

Consequently, some preliminary freefall tests were conducted by means of the L-box device, 

the outcome of which was not satisfactory and the results did not follow any trends. It should 

be noted that even if results did show an obvious trend, in a horizontal channel the occurred 

dynamic segregation could be due to a combined effect of freefall impact and the subsequent 

horizontal flow over a distance. Based on these facts, a U-shaped apparatus was considered to 

be the solution. In such confined geometry, the segregation due to freefall impact takes place 

at the bottom and immediately after that the concrete flows up to the opposite column where a 

sample could be taken then without having to experience any further due to flow over a long 

horizontal distance. This assumption was approved by the test results obtained over the 

experimental program. 

According to what mentioned in the preceding lines, the U-tube apparatus, which is made of 

pipes with 10 cm internal diameter, has two columns of 60 and 65 cm as initial design heights 

(at the moment the necessary sample volume was not final). As shown in Figure 4.13 

schematically, the two columns are each comprised of two separate removable pieces making 

it possible to take samples after the test. The two columns are connected to each other from the 

bottom by means of two 90° long elbows leaving a back-to-back distance of 14 cm between 

them. A frame at the bottom holds the U structure in a vertical position. 
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Figure 4.13 U-tube device sketch 

4.2.2 Test procedure of the U-tube test 

Instead of using a specifically designed container to produce the source of freefall, the V-

funnel device was chosen to play this role. There are two advantages to this choice; first, the 

test becomes more time-efficient as it is coupled with V-funnel test so that the two tests could 

be carried out at the same time. Second, V-funnel provides a realistic casting condition which 

contributes to a better freefall simulation. 

Thus, with regards to the test process, for the geometry of our V-funnel, a SCC sample of 

about 10 1 is required. The U-tube is placed under the V-funnel, the legs of which are lifted 30 

cm above the floor giving a drop height of around 95 cm from its outlet. When the normal V-

funnel test is done, SCC falls freely into the U-tube. The SCC undergoes a free fall and then 

flows through the U-shaped apparatus until stoppage. The impact at the bottom of the device 

causes the formation of a region containing more coarse aggregate (finger) than the initial 

SCC (mixer sample) and any other part of the U-tube. 

A removable compartment placed on the side where the finger stops allows taking a sample. 

Sampling should be implemented immediately after the stoppage. The upper part of the 

column should be slowly removed and slid on the tray held stuck to the wall near the joint 

(similar to the sampling method in column segregation test). Afterwards, this sample is 

washed on the 4.75 mm sieve and the coarse aggregate content is compared to that of the 



104 DEVELOPMENT AND VALIDATION OF DYN. SEG. TEST METHODS 

theoretical relative coarse aggregate volume in the SCC mixture. The segregation index 

(volumetric index) is defined as 

SI _ vout~vm x 10Q (4 3) 

"m 

Where Vout is the relative volume of coarse aggregate in the U-tube outlet (where the finger is 

formed which is opposite to the inlet where concrete initially flows in) and Vm is the 

corresponding theoretical value for the mixer. Figure 4.14 shows the U-tube and how it is 

positioned beneath the V-funnel apparatus. 

Figure 4.14 U-tube setup placed under V-funnel 

Figure 4.15 shows some preliminary results of the U-tube test. Such tests were basically 

carried out to assure that the formation of the finger is mainly due to the freefall impact and 

not because of paste loss or the flow inside U-tube. To achieve this, the test was performed 
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using the method described earlier, and the derived results (see points on Figure 4.15) were 

considered as reference. Afterwards, for the point with initial slump flow of 620 mm, the test 

was repeated, but this time the U-tube was preconditioned. This means that the device was not 

washed after the previous test so that a thin layer of paste covered all of its interior walls. For 

the point with initial slump flow of 690 mm the same procedure was followed except that the 

V-furinel was preconditioned there. Similarly, a test was conducted with a SCC of the same 

slump flow (and preconditioned V-funnel) but higher V-funnel time. Finally, a test was carried 

out in which no preconditioning was done, but the freefall was eliminated from the testing 

process. To eradicate freefall, the U-tube device was slightly inclined from its vertical plane, 

and the concrete was pour into it by means of a bucket. The bucket was placed on the edge of 

the U-tube and SCC was emptied in a way that it flowed down the internal wall with no 

freefall. Variations in slump flow during this part were made by means of changes in SP 

dosage. 

Several points can be observed in Figure 4.15. Firstly, it is seen that as a general trend, the 

lower the yield stress of the SCC, the more aggregate is found in the finger leading to a higher 

segregation index. If a line is fitted through the reference points as illustrated in the figure, the 

only observable discrepancies that can be notice are the point with a higher V-funnel 

compared to the other concretes, and the point with no freefall. This implies that the paste loss 

does not significantly influence the final index and that if the freefall is eliminated, the whole 

phenomenon occurring inside the device would be altered. This latter is reflected on the 

segregation index which turns negative in this case meaning that segregation occurs due to the 

flow against gravity leading to a front region with less aggregate content compared to that of 

mixer. Consequently, the method explained before was approved and adopted as the most 

efficient method to perform the test. 

Figure 4.16 illustrates a typical aggregate distribution after the U-tube test for different parts 

of the U-tube device. While the amount of data on this subject is not enough, it is worth 

mentioning some observations that conform to the expected facts. More aggregates are found 

in the upper part of outlet (finger) since during the freefall the falling SCC impact the SCC 

which is already in the device and transfer its kinetic energy to it. Hence, the less stable the 

SCC, the more aggregates would be pushed to the flow front causing greater heterogeneities. 
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By the same token, when aggregates are pushed to the front, fewer aggregates remain in the 

area immediately below inlet. In addition, aggregates develop a velocity during the freefall 

and after the impact they do not lose this energy immediately. As a result, they continue 

moving toward the subsequent layers which is probably why an area with a positive SI (4.0%) 

is seen at the bottom. Nevertheless, as mentioned before all such discussions need further 

verifications and more detailed studies which were not included. 
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Figure 4.15 preliminary results of U-tube test, V-fiinnel time is 5±0.5 sec for all points unless 
mentioned otherwise 

Concrete 

I 

Slump flow = 680 mm 
V4unn«t time * 4.5 sec 
VSI-0 

Vi<V„ 

b 
* 

o 
* 

* IO 
co 

outlet 
« 7 Vi > Vm 

Figure 4.16 An example of coarse aggregate distribution after the U-tube test. The values are 
volumetric indices (SI) of each section 
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4.2.3 Repeatability of the U-tube test 

Similar to the repeatability test for VI of T-box, the center point of the CCD was also used to 

have a general idea of the repeatability of U-tube test. A more extensive repeatability 

assessment, however, would be necessary to examine the performance of the device for a 

broader range of SCCs. Table 4.3 summarizes the results of the test. It is observed that similar 

to the other methods, theoretically the relative error is rather large; but, taking into account the 

precision of sieve-washing technique which is used to obtain SI, the four replicates have 

nominally the same values and the actual error is lower than the theoretical value. Hence, from 

a practical point of view, this test could also be used to characterize different SCC mixtures in 

terms of their dynamic stability during freefall. 

4.2.4 Limitations of the U-tube test 

According to the results and observations obtained from the experimental program, some of 

which are presented in the subsequent chapter, the following limitations could be considered 

for the U-tube test: 

1. While the geometry of the device proved to be promising in most cases, for highly 

unstable SCC the results are not compatible with the usual trend. This means that 

sometimes the SI for an unstable SCC is smaller than that of a stable one. One reason 

for this problem is that when the concrete does not have sufficient static stablity, right 

after the stoppage of flow and before sampling, the coarse aggregates in the finger 

would start to settle down leading to a smaller index. Hence, in this particular area, the 

device needs to be further optimized. One solution here is to change the configuration 

(geometry) of the U-tube device from U-shaped to L-shaped, namely the inlet where 

concrete flows in remains vertical, and after the formation of finger due to the impact 

instead of another vertical part, there will be a short horizontal path (between 30 to 40 

cm) at the end of which the sample is collected. Such L-shaped geometry could 

considerably decrease the effect of static segregation. 

2. In some cases where the SCCs had a relatively high viscosity (V-funnel > 15 sec) the 

response was also not compatible with the predictions, namely for a highly viscous and 



108 DEVELOPMENT AND VALIDATION OF DYN. SEG. TEST METHODS 

stable SCC the SI was rather large. This phenomenon is difficult to be interpreted even 

intuitively, and thus further study should be carried out to realize its actual cause. 

3. The segregation index (SI) is sensitive to the sampling procedure and could vary 

significantly. Thus, the sampling should be performed carefully and with a minimum 

level of material loss, either coarse aggregate or mortar/paste. 

4. The test is relatively labour-intensive since the index is obtained from sieve-washing 

the samples. 
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4.2.5 Conclusions 

With reference to the aforementioned sections, it can be concluded that: 

1. The U-tube test is capable of evaluating the dynamic segregation that occurs during the 

freefall of SCC. However, there remains some problems and limitations that should be 

solved for further development of the device and to reach an optimum design and 

performance. 

2. The test is easy to perform and the apparatus can be easily carried around. Moreover, it 

is done along with the V-funnel test which makes it a timesaving test. 

3. The repeatability of the test is adequate based on the tests SCC mixture, and thus the 

results of the test could be confidently treated in laboratory and on site and also used to 

determine some zones of acceptable stability for SCC, if the aforementioned 

limitations are taken into account. 



CHAPTER 5 

PARAMETERS AFFECTING DYNAMIC 

SEGREGATION 

The effect of key mixture and testing parameters on dynamic segregation of SCC are 

presented. Such results are obtained from the two tests proposed and discussed in the previous 

chapter. Section 5.1 describes the effect of rheology of the concrete on dynamic segregation. 

The influence of the number and duration of test cycles in the T-box test is discussed in 

section 5.2. Section 5.3 provides information on the effect of paste volume on dynamic 

segregation. All the obtained results are analyzed and discussed in section 5.4. 

5.1 Effect of rheology 

The effect of rheology of mortar on dynamic segregation of SCC during flow (T-box) and due 

to freefall (U-tube) is examined. Since the yield stress and viscosity of mortar are the 

rheological properties that control segregation in concrete as a multiphase material, it is then 

more appropriate to consider the rheology of mortar when studying the effect of rheology. 

However, given the difficulty of measuring the rheology of the mortar of a SCC mixture, the 

rheology of the concrete is measured. This could still be representative for the rheology of the 

mortar since the volume fraction of aggregates, sand aggregate ratio, and their physical 

properties were kept constant for all mixtures, and any variation of the rheology of SCC is due 

to the variations in its mortar rheology. Mortar rheology was varied by changing W/C (W/B), 

HRWRA content, and binder composition. 

5.1.1 T-box 

As mentioned before, SCC mixtures Rhl to Rh6 were used in the rheology study. The only 

difference between these mixtures is the rheology of their corresponding mortars, which is 

made by changing W/B, binder composition, or HRWRA dosages. Table 5.1 summarizes the 
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workability and rheology measurements carried out for the mixtures used in this part. For 

some mixtures, the rheological parameters are not reported since their values were obviously 

inconsistent with the workability indicators (even after equilibrium check and plug flow 

correction). This may be due to errors during the measurements, such as aggregate blocking or 

segregation in the rheometer container. 

Table 5.1 Workability and rheological properties of mixtures used in the rheology study 

Mixture* 
V-funnel flow time 

Slump flow (mm) 
(sec) 

Yield stress (Pa) Viscosity (Pa.s) 

Rhl 
630 4.5 

740 4.5 

42 

11 

32 

26 

Rh2 
600 11 

750 9 

72 

5 

86 

53 

Rh3 
620 14 

730 14 

74 124 

Rh4 680 3.5 22 25 

675 9 37 66 

Rh5 
680 9 

680 9.5 

64 

37 

46 

60 

680 9 26 52 

Rh6 675 16.5 • 

* For complete mix designs and fresh properties see Chapter 3. 

The outcome of the rheology study obtained from the CCD is presented in Figures 5.1 and 5.2. 

The segregation indices, VI and PDG, reflect segregation after 120 cycles of 2 sec each. The 

circular points represent the raw experimental data. The curves and error bars are based on the 

outcome of the Analysis of Variance (ANOVA) of the raw data. 
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Figure 5.1 Results of the CCD used to determine the effect of rheology on dynamic 
segregation using T-box for (a) PDG and (b) VI indices versus slump flow 
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The common fact seen in both figures is that both slump flow (corresponding to yield stress) 

and V-funnel flow time (corresponding to viscosity) variations affect dynamic segregation of 

SCC. It is interesting to note that both indices reflect the same effects (trends). 

With regards to slump flow in Figure 5.1a and b, it is observed that an increase in slump flow 

(meaning yield stress) increases dynamic segregation (PDG and VI). In addition, for a given 

slump the order of the curves and points is inversely proportional to the V-funnel flow time of 

the mixtures with the least segregation index having the highest V-funnel flow time. Another 

fact about this figure is that the relationship between the responses (segregation indices) and 

the parameter studied is non-linear. For instarlce, for a given slump flow, as the V-funnel flow 

time increases linearly, the responses do not change linearly. Finally, the curves do not 

intersect and are almost parallel, which indicates the interaction between the effects of studied 

parameters on the response is not significant. These observations are further discussed in 

section 5.4.1 where the results of the ANOVA for the raw data of the CCD are presented in 

more detail. 

Considering Figure 5.2a and b, it is seen that increasing V-funnel flow time (meaning 

viscosity) reduces dynamic segregation. As opposed to Figure 5.1, for a certain V-funnel flow 

time here, the order of the curves and points is directly proportional to slump flow of the 

mixture with the least segregation index having the lowest slump flow. Non-linearity of the 

relationship between segregation indices and the parameter under study can also be noticed in 

Figure 5.2, and as cited before, the ANOVA results in section 5.4.1 would determine whether 

the observations are true. 

Figure 5.3 plots the workability characteristics of the mixtures as a function of the rheological 

properties (Table 5.1). It is observed that that there is an adequately good correlation between 

the workability properties of mixtures and the measured rheological characteristics, meaning 

that the original idea of characterizing rheology by means of simple workability tests is valid. 

Consequently, the conclusions about effect of rheology on dynamic segregation based on 

workability measurements can be relied on. 
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Figure 5.3 Correlation between workability characteristics of mix designs used in rheology 

study and the corresponding Theological properties 

5.1.2 U-tube 

Both T-box and U-tube tests were carried out at the same time so that the obtained results 

were from the same mixture. Hence, Table 5.1 presents workability and rheology 

measurements carried out for the mixtures of this part too. Figures 5.4 and 5.5 illustrate the 

outcome of the rheology study obtained from the CCD for U-tube test. Similar to the previous 

section, it is observed that slump flow and viscosity affect dynamic segregation. Moreover, 
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there might be an interaction between their effects as the lines are not parallel in either of the 

figures. 

With regards to Figure 5.4, it can be seen that the general trend is analogous to that of Figure 

5.1, namely dynamic segregation increases as slump flow increases, and for a given slump 

flow, the segregation index is inversely proportional to the V-funnel flow time. However, 

there are two cases where the results are not consistent with predictions. The first one is the 

point with a slump flow of 730 mm and a V-funnel time of 5 sec. For this point, based on the 

general tendency, it is expected that segregation should increase compared to the other point 

with the same V-funnel flow time as slump flow is increased. Besides, this point corresponds 

to the least stable mixture of this part, and then the order of segregation index of this mixture 

should be significantly higher than other mixtures, which is not the case here. One possible 

explanation for this observation is that since this mixture was statically unstable (VSI= 2), the 

coarse aggregates collected in the finger settled down before the sample was taken from the 

outlet compartment of U-tube leading to a noticeable reduction in segregation index. Hence, as 

mentioned in section 4.2.4, for now this could be considered as one of the limitations of U-

tube test and a weakness to be mitigated in the future investigations. The second case of 

inconsistence is the point with a slump flow of 675 mm and a V-funnel flow time of 17 sec. 

For this point, the segregation index is considerably larger than expected as it was highly 

stable mixture. Since at this point insufficient information is available to interpret such 

outcome, we suffice it to say that such phenomenon could be either due to an error or related 

to the rather large V-funnel time of that mixture. The latter could be that for such high V-

fiinnel time the freefall flow into the-U-tube was not continuous. Consequently, several 

impacts could occur during the test which could then contribute to higher accumulation of 

aggregates in the outlet. Moreover, the mixture could maintain all the segregated aggregates 

during the upwards flow inside U-tube and before sampling due to its high viscosity. Thus, 

relative to other mixtures with lower viscosities, this mixture had a larger segregation index as 

other mixtures might not be able to carry all the segregated aggregates towards the outlet zone 

or retain them there before sampling. 

Taking Figure 5.5 into account, it is seen that the results do not follow a specific trend. Further 

investigations on the effect of V-funnel flow time on dynamic segregation is required to 
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determine whether there is a consistent relationship between them. At last, it should be noted 

that all the aforementioned inconsistencies in results and the scattered data made it impossible 

to run an ANOVA (the model would not be significant). Thus, no results pertaining to 

ANOVA are presented in section 5.4.1. Nevertheless, some graphs showing the general 

relationship between the measured rheological properties and the segregation index (SI) are 

provided. 
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5.2 Effect of number and duration of cycles 

An important step for the development of the T-box was to determine the effect of number and 

duration of cycles on the segregation indices. The importance of such study originates from 

two facts; first, the number and duration of cycles represent the flow distance and the flow 

velocity respectively, both of which could be influencing parameters on dynamic segregation. 

Second, these two parameters are related to the T-box testing procedure, and then in order to 

determine a fixed test procedure that could provide adequate information about segregation 

regardless of the type of application it was essential to examine the influence of both of these 

parameters. 

As mentioned in Chapter 3, four different SCC mixtures were used in this study (Table 3.5). 

Similar to the repeatability tests for the penetration technique, a wide range of workability 

characteristics, namely slump flow (620 to 720 mm) and V-funnel flow time (5 to 30 sec), was 

covered by these mix designs. Such variations were made by changing W/C (W/B), 

Superplasticizer content, and binder composition. A set of three tests of 120 cycles with 

variable cycle durations of 2 sec, 4 sec, and 6 sec was carried out for each mixture and the 

PDG index was measured at each 30 cycles. VI was only measured at the end of the test, 

namely at 120 cycles. For the VD4 mixture, however, the 6 second duration was eliminated as 

almost no shear stress was induced in that mixture for such cycle duration, and it was a pure 

plug flow which means no dynamic segregation. At the end, one more extra test was 

conducted for the VD2 mixture with cycle duration of 1 sec in order to further validate the 

previously observed trends. 

Figures 5.6 to 5.9 show the results of this part. Before any- more discussion of the results, it 

should be noted that surface penetration technique seems to show incompatibility with VI in 

the case of 6 seconds duration which is one the limitations of this test cited earlier. Hence, the 

observations are described based on the results that do show some trends and are consistence. 

With regards to PDG index, it is seen in Figures 5.6a, 5.7a, 5.8a, and 5.9a that as the number 

of cycles (flow distance) increases, the PDG (dynamic segregation) also augments which is in 

accordance with the theories and results mentioned in Chapter 2. On the contrary, the rate of 

segregation decreases as the number of cycles increases and the curves move towards a state 
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of equilibrium. In addition, in all these figures, the curve pertaining to 4 seconds duration is 

always above of that of 2 seconds duration meaning that segregation is more severe in the case 

of longer duration of cycles. In Figure 5.6a, it is seen that the curve related to 1 second 

duration is placed below 2 seconds duration which confirms the previously stated trend. 

Another fact about these figures is that the order of magnitude of the PDG index is directly 

proportional to the level of stability of the concretes, namely, for instance, VD2 has the 

highest index for all durations of cycles as it has the highest slump flow and lowest V-funnel 

flow time. Further discussion on this latter fact is presented in section 5.4.2. 

Regarding the VI, it is observed from Figures 5.6b, 5.7b, 5.8b, and 5.9b that it is in good 

agreement with PDG except for the 6 second duration. Moreover, in Figures 5.6b and 5.7b, by 

increasing the duration of cycles from 2 seconds to 4 seconds the VI also increases, and then 

from 4 seconds to 6 seconds it decreases. A similar scenario is seen in Figures 5.8b and 5.9b 

with a slight difference that from 2 seconds to 4 seconds the VI remains almost constant, and 

in Figure 5.8b, upon increase to 6 seconds, VI is reduced. The one extra point in Figure 5.7b 

conducted with duration of 1 second shows that the observed trend continues, namely the VI 

decreases as the duration of cycles is shortened (above 4 seconds). Finally, similar to PDG, 

here also the order of the magnitude of VI is directly proportional to the level of stability of 

the mixture. More analysis about duration of cycles is mentioned in section 5.4.2. 
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5.3 Effect of paste volume 

The effect of paste volume in SCC was examined by means of both the T-box and U-tube 

tests. The mixtures used here were presented in Table 3.7. The numbers included in the name 

of each mixture reflects the paste volume of that mixture. For example, PV35 means the 

volume of paste in the mixture is 35% of the total volume. The composition of the cement 
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paste, physical properties of aggregates, and aggregate packing density (combinations) were 

all kept constant for the four tested mixtures. The first two mixtures (PV35 and PV40) have 

paste volumes within the practical range of semi-SCC or SCC, and the rest were only included 

so that the effect of paste volume could be evaluated over a wider range. However, the PV45 

and PV50 mixtures were extremely unstable both statically and dynamically that the obtained 

results might not be reliable as neither T-box nor U-tube have acceptable performance for such 

concretes. Moreover, Rhl initial mixture (slump flow = 630mm) segregation results are also 

included in this part, to be compared with the results, as a mixture with the same 

characteristics as PV mixtures but a paste volume of 38%. Table 5.2 summarizes the 

workability and rheology measurements carried out for the PV mixtures. As mentioned before, 

rheological measurements for PV45 and PV50 were not valid are not reported. 

Table 5.2 workability and rheological properties of mixtures used in the paste volume study 

V-funnel flow time 
Mixture* Slump flow (mm) Yield stress (Pa) Viscosity (Pa.s) 

(sec) 

PV35 560 9X) 70 62 

PV40 680 4.0 32 25 

PV45 820 2.0 

PV50 840 1.5 

* For complete mix designs and fresh properties see Chapter 3. 

5.3.1 T-box 

Figure 5.10 summarizes the results of paste volume study on the VI of T-box test. It could be 

seen that by increasing the paste volume from 35% to 40% there is an increase in dynamic 

segregation. As oppose to that, after 40% paste volume, with each increment in paste volume, 

dynamic segregation significantly decreases. Since the rheology of the cement paste was 

retained constant, the underlying reason for this phenomenon should lie in the properties of the 

mortar and the characteristics of aggregates. In case of the increase between PV35 and PV40 

mixtures, it should be noted that the high volume fraction of aggregates in PV35 augments the 

friction forces between aggregates which contributes to a lower segregation in comparison 

with Rhl or PV40 for which aggregate interactions are dominant making it easier for 
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aggregates to move. Besides, the aggregates are heavily packed in PV35 even before the flow, 

and there is not much space left between them so that they can change their position to there 

and thereby cause segregation [Roussel, 2006]. It should be mentioned that such low values of 

segregation index were also observed for other mixtures with similar workability 

characteristics used in this study. 

With regards to the descending segregation trend from PV45 to PV50, [El-Chabib and Nehdi, 

2006] and [Song and Chiew, 1997] describe that the increase in mortar volume in the SCC 

suspension produced by using more cementitious materials (fine particles) provides a stronger 

Bingham structure (higher fine particle content and a better lattice effect) better capable of 

retaining coarse aggregates in suspension. Moreover, observations made during the testing of 

PV45 and PV50 showed that as these two mixtures were extremely fluid, the agitations inside 

the apparatus were so severe that the remixing effects played an important role in decreasing 

dynamic segregation. Despite all the aforementioned reasoning, considering the sever 

instability of PV45 and PV50 mixtures and unreiiabie test results for mixtures of this nature, 

these results are questionable and need further investigation. Thus, the results of PV45 and 

PV50 mixtures should not be taken into account as a general trend in Figure 5.10. 
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Figure 5.10 Effect of paste volume on dynamic segregation of SCC based on T-box test 
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5.3.2 U-tube 

The effect of paste volume on dynamic segregation due to freefall is shown in Figure 5.11. 

This diagram is also comprised of an ascending part (PV35 to PV45) and a descending part 

(PV45 to PV50). The peak is shifted to the right by one mixture compared to Figure 5.10 

which is probably due to the difference in mechanism of segregation in this state than over the 

flow. In addition to the aforementioned reasoning for T-box test results, here the V-funnel 

flow time as the main parameter determining the velocity of impact could also be considered 

as part of the reason why there is a decrease in segregation after PV45. It can be seen from 

Table 5.2 that the V-funnel flow times are almost the same for both PV45 and PV50. Hence, 

an increase in the mortar volume between these two mixtures caused a reduction in 

segregation by providing a stronger medium (more viscous) to keep a homogeneous 

distribution of aggregates. Nevertheless, since static instability of PV50 could also be an 

important reason for such decrease in segregation, the point pertaining to PV50 should not be 

included in the general trend of Figure 5.11 either. 
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Figure 5.11 Effect of paste volume on dynamic segregation of SCC based on U-tube test 
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5.4 Further analysis of the results 

5.4.1 Rheology 

The analysis of the variance (ANOVA) for the data obtained from CCD revealed that the 

relationship between the segregation indices of T-box and workability characteristics of the 

mixture is not linear. At least, a second-order relationship is required to interpret the acquired 

outcome (higher order relationships cannot be determined definitely using this method as there 

would be aliased terms). Equations 5.1 and 5.2 present the most appropriate planes fitting the 

results. The coefficient of correlation (R2) is 0.957 and 0.970 for Eqs 5.1 and 5.2, respectively. 

It is important to note that the interaction between slump flow and V-funnel flow time is not 

significant according to the results of ANOVA. Plots of these equations are illustrated in 

Figures 5.12 and 5.13 in the form of contour and response surface, respectively. 

P D G  =  190.04 - 0.56 x S F  - 1.44 x V F  +  4.44 x 10"45F2 + 0.05 W2 (5.1) 

where SF is slump flow in mm and VF is V-funnel flow time in seconds and PDG is 

segregation index in mm. 

V I  = 708.87 -2.14 x  S F  -  6.71 X V F  +  1.75 x 10"3SF2 +0.21 x V F 2  (5.2) 

where all terms are the same as Eq. 5.1 and VI is dynamic segregation in %. 

It is interesting to note that in Figure 5.12a, for any given V-funnel time the PDG remains 

almost constant up to a certain value of slump flow (around 660 mm) and then starts to 

change, meaning that slump flow does not have a significant effect on segregation over this 

range. However, such observation cannot be made on Figure 5; 12b for the VI which implies 

this index is more sensitive than PDG. 

No attempt was made in this work to further validate the above equations for mixtures other 

than the ones used to obtain them. Hence, at this point the range of applicability of these 

equations is limited to conditions from which they were derived. In other words, it is not 

certain that for any SCC mixture with slump flows and V-funnel times within the range 

studied here, the segregation could be estimated using equations 5.1 and 5.2. Such validation 

could be then considered as an important future work. 
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Another important point to be mentioned is that based on the results of ANOVA, the V-funnel 

time on dynamic segregation is rather more significant than slump flow. It is worth 

mentioning that such conclusion does not depend on the selected ranges of slump flow or V-

funnel as it is based on the CCD outcome. This can be the reason why some researchers 

suggest that during the flow yield stress no longer affect the segregation. However, the fact 

that slump flow appears in the aforementioned equations in form of both first and second-

order terms shows that the influence of yield stress on dynamic segregation cannot be 

neglected. Details of the ANOVA used in the study of the effect of rheology are given in 

Appendix B. 

Similar to viscosity, different classes of yield stress, namely classA: 0-25 Pa and classB: 25-80 

Pa, could be considered in Figure 5.14b for the relationship between PDG and viscosity. Here 

for each class there is a non-linear relationship between viscosity and PDG, though for the 

classA the available data is insufficient to draw a definite conclusion. No matter what the class 

of yield stress, viscosity has a significant effect on dynamic segregation until a certain amount 

of approximately 65 Pa.s. The points with different paste volume lie in the same curve as the 

rest of the points. 

The same observations as Figure 5.14 can be made from Figure 5.15 too meaning that the 

indices of T-box test are compatible. As yield stress or viscosity is augmented, VI reduces in 

general. For either of yield stress or viscosity the same classifications could be considered, and 

same trends could be found. Even the points with different paste volumes show the same 

tendencies as that of Figure 5.14. 
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With regards to the physical explanation of why Theological properties affect dynamic 

segregation over flow, it should be noted that both yield stress and viscosity influence the drag 

force exerted on particles by mortar (paste). Eqs. 2.7 and 2.8 show how an increase in either of 

rheological properties decreases modified Reynolds number which then lead to an increase in 

drag coefficient based on Figure 2.5b. As a results, the upwards drag force acting on particles 

in the direction perpendicular to flow increases which induces a reduction in the falling 

velocity of particles. Eq. 2.13 reveals that increasing either yield stress or viscosity would 

augment the drag force exerted on aggregates by mortar (paste) in the direction of flow. Thus, 

an increase in yield stress or viscosity increases the drag forces exerted by.mortar on 

aggregates in both directions leading to a higher capacity of mortar to maintain aggregates in 

suspension and convey them in the flow direction, all of which means a lower segregation. 

Finally, for the U-tube test it is also seen from Figure 5.16 that an increase in either yield 

stress or viscosity causes a decrease in SI. The data scatter in Figure 5.16a does not allow the 

fitting of a curve with an acceptable coefficient of correlation. For viscosity in Figure 5.16b, 

however, the relationship is more obvious and the coefficient of correlation is adequately high. 

Similar to horizontal flow, increasing either of rheological properties would increase the drag 

force acting on aggregates during the freefall impact. Consequently, less aggregate would be 

pushed to the finger in the flow front meaning less segregation. However, after the impact and 

once the finger with more aggregates starts to flow, such increased drag forces could adversely 

contribute to segregation as they keep the aggregates in the flow front leading to higher 

aggregates content in the outlet compartment of U-tube (larger segregation index). Such 

contradictory effect is interesting to be further studied. 

It should be noted that, in general, a better correlation between segregation indices and a 

rheological parameter compared to the other one does not necessarily originate completely 

from the physical phenomena occurring during the flow, but could also be influenced by the 

procedure of measuring die rheological properties (rheometer, data treatment, etc.). 

Finally, Figures 5.17 to 5.19 suggest some workability boxes charts concerning the dynamic 

stability of SCC based on the two proposed tests. In Figures 5.17 and 5.18, three zones of 

dynamic stability are determined according to the classifications presented in Figure 4.12. 
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With regards to Figure 5.19, the classification of stability is based on the 15% suggested 

acceptable limit of stability index [ASTM C1610/C1610M-06a, Standard Test Method for 

Static Segregation of Self-Consolidating Concrete Using Column Technique, 2006]. Ranges 

proposed in these figures can then be used for the design of SCC mixtures with respect to 

dynamic stability issue. 
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Figure 5.19 Workability boxes for dynamic stability of SCC based on the SI index of U-tube 
test 

5.4.2 Number and duration of cycles 

As mentioned in section 5.2, the number and duration of cycles can be an indicator of the flow 

distance and flow velocity, respectively. Theoretically, in each half cycle of T-box test, the 

center of the mass of concrete sample inside the test device is displaced by 30 cm. Based on 

such displacement, the theoretical velocity corresponding to each cycle duration can be 

calculated. It should be noted that the real travelled distance of the concrete is lower than the 

theoretical value, meaning that the theoretical velocity is higher than the real one. Besides, the 

travelling direction in each half cycle changes by 180 degrees, the effects of which on the flow 

distance are not considered here. 

Figure 5.20 demonstrates how for the same velocity, the dynamic segregation varies for 

different workability (rheology) of mixtures. It can be seen that regardless of the flow velocity, 

dynamic segregation increases as the flow distance increases and the order of the curves is 

directly proportional to the stability of the mixtures with the least stable being above others, 

namely the highest segregation index. It is also noticeable that the order of magnitude of 

segregation is higher in Figure 5.20b which has the lower velocity. To understand the increase 

in segregation as the flow proceeds, it should be noted that during the flow, on one hand 

aggregates develop a lower velocity that mortar (paste) in the flow direction due to the 

induced shear rates. Such phenomenon leads to a lower aggregate content in the flow front. On 
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the other hand, aggregates settle down in the direction perpendicular to flow which contributes 

to both a lower in-flow-direction velocity and more friction with the bottom of formwork if 

reached there all of which causes less coarse aggregate in the flow front. However, over the 

flow, the aggregates that are prone to segregation start to be separated from the flow in the 

beginning, and as the flow continues, the rate of segregation reduces due to this fact and the 

flow proceeds towards a state of equilibrium. 
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Figure 5.20 Variations of dynamic segregation (PDG) for a constant velocity of (a) Vrheo
=0.3 

m/s and (b) VTheo=0.15 m/s for mixtures with different workability characteristics 
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Figure 5.21 presents a comparison between the effects of workability variations on dynamic 

segregation for different velocities. In Figure 5.21a, two SCC mixtures with the same level of 

slump flow but variable V-funnel flow times are compared for two levels of velocity. It can be 

observed that increasing the V-funnel flow time while keeping the slump flow constant 

significantly decreases dynamic segregation. The effect of V-funnel flow time variation on 

dynamic segregation reduction is more considerable than that of velocity change. Similarly, in 

Figure 5.21b V-funnel flow time is constant and slump flow is changed. It is seen that 

increasing slump flow increases segregation, and its effect is slightly more significant than that 

of velocity variation. As cited before, effect of V-funnel seems to be more important than 

slump flow based on the comparison of Figures 5.21a and b. 

Finally, Figure 5.22 summarises the variations of VI at 120 cycles for different velocities and 

workability of the mixtures. It is observed that except for VD4, by increasing the velocity 

from 0.1 to 0.15 m/s segregation either slightly increases or remains constant, and then, as the 

increase in velocity continues, dynamic segregation decreases. The order of the curves is 

directly related to the stability of mixtures which is a fact already seen elsewhere in this work. 

This curve is analogous to those obtained by [Song and Chiew, 1997]; however, their 

reasoning barely seems appropriate to describe the underlying principle of the behaviour seen 

here. It is mentioned there that once a Bingham material starts to flow its yield stress weakens 

leading to lower resistance to segregation. However, as the velocity increases, a state of 

turbulence is induced inside the material which causes the segregated materials to become 

suspended again leading to a decreases in segregation. Since the flow hardly reaches a state of 

turbulence in the T-box such phenomenon cannot be completely true and could only explain 

why segregation increases between velocities of 0.1 and 0.15 m/s. Another fact that seems 

more appropriate to explain the observed phenomenon is that as the velocity decreases, the 

horizontal drag force on the coarse aggregates decreases as it is proportional to the square of 

fluid (mortar in this case) velocity. Such reduction in velocity causes an increase in 

segregation by decreasing the capacity of liquid phase to carry aggregates in the flow direction 

until a velocity of 0.15 m/s. From this point backwards, the entire concrete inside the 

apparatus is not sheared as in such low velocity the yield stress could not be exceeded 

everywhere inside the material. Existence of such partial plug flows contributes to lower 

segregation as in such zones the yield stress of the concrete plays a more important role in 
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preventing segregation compared to the sheared areas with weakened yield stresses. Besides, 

in the plug flow regions no shear rates are induced, namely there is no shear-induced 

(dynamic) segregation in such regions. Nevertheless, it is more prudent to conduct further 

investigations on the effect of velocity on dynamic segregation. 
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slump flow on variations of dynamic segregation (PDG) 
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Figure 5.22 Variations of VI with velocity for various mixtures of different workability 

5.5 Conclusions 

Based on what cited in the preceding sections, it can be concluded that: 

1. Both yield stress (slump flow) and viscosity (V-funnel flow time) affect dynamic 

stability of SCC. Increasing either of these rheological properties imposes a reduction 

on dynamic segregation. The general trend for all cases examined here demonstrated a 

non-linear relationship between segregation and rheological properties. However, in 

some cases the correlations were not adequate to draw a definite conclusion. 

2. In case of the T-box test, the relationship between workability characteristics, namely 

slump flow and V-funnel flow time, and the segregation indices shown to be non

linear. The influence of V-funnel flow time on segregation seemed to be slightly more 

significant than that of slump flow. No interaction was found between the effects of 

slump flow and V-funnel flow time on dynamic stability of SCC. 

3. Although, in general, some of the tendencies observed in the results of the U-tube test 

pertaining to effect of workability on dynamic segregation were analogous to those of 

T-box test, the discrepancies in part of the obtained data did not allow reaching a 

certain conclusion. Further investigations are necessary to interpret the results of this 

part. 
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4. With regards to the number and duration of cycles (flow distance and velocity, 

respectively) of T-box test, it was seen that as the number of cycles increases, 

segregation also increases. The rate of segregation, on the contrary, decreases as the 

flow distance is increased. Considering the duration of cycles, it was observed that 

prolongation of cycle duration causes the segregation to increase up to certain duration, 

but then, it starts to either decrease or remain constant. 

5. No matter how many number of cycles or what duration, segregation is always higher 

for the mixtures with lower stability levels. 

6. The influence of workability characteristics (slump flow and V-funnel) on dynamic 

segregation was found to be more significant than that of cycle duration (flow 

velocity). 

7. With respect to the effect of paste volume on dynamic segregation over the flow (T-

box), it was seen that by increasing the volume of paste, there is first an increase in 

dynamic segregation, but afterwards, segregation reduces. The same trend was 

observed in the case of segregation during freefall (U-tube) with a slight difference that 

the reduction in segregation commenced at a higher paste volume than that of T-box. It 

should be noted that in this research for the practical range of paste volume variations 

in SCC (38% and 40%), increasing paste volume increases dynamic segregation. 

8. Considering the effect of number and duration of cycles on the segregation indices of 

T-box test (PDG and VI), an optimum (more segregation in a constant test duration of 

2 min and for a velocity that both assessment techniques are valid) testing protocol of 

T-box test could be that 16 1 of SCC is introduced into the box from the middle part. 

Then, 60 cycles of 2 sec each are carried out. At the end, the segregation index is 

determined using one or both of the two proposed techniques. 

9. Regarding the U-tube testing protocol, it seems the current proposed method is the 

optimum one as long as the limitations are considered. It is of great importance, for 

instance, not to use this test for statically unstable SCCs. 
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CHAPTER 6 

CONCLUSIONS, RECOMMENDATIONS, AND 

FUTURE WORK 

This work was carried out with the principal objective of establishing a comprehensive 

understanding of dynamic segregation pf SCC. To achieve this goal, a two phase experimental 

program was undertaken. The first phase was to develop test methods that are capable of 

simulating two main scenarios of occurrence of dynamic segregation, namely dynamic 

segregation during the flow and after the freefall. Thus, two test devices along with the 

methods of using them were proposed in this project. An experimental approach was adopted 

due to the fact that theoretical simulation of dynamic segregation at this point is utterly 

difficult and beyond the scope of a M.Sc. project. In the second phase, a parametric study was 

carried out to examine the effect of several parameters pertaining to both mix design and 

casting conditions on dynamic segregation of SCC. Although all of the factors that could 

influence dynamic segregation were not included in this research, some of the most important 

ones, namely rheology, flow distance, flow velocity, and paste volume were selected, and their 

effects were explored. 

Based on all the results obtained from this research work it can be concluded that 

1. The T-box test showed an excellent performance in simulating dynamic segregation 

that occurs during the flow of SCC. This test is a flexible test and its procedure can be 

adjusted for any particular application. Furthermore, the repeatability of the test was 

assessed for both of its indices, and it was found to be adequate for distinguishing 

between SCC mixtures with different stability levels and then classifying them in terms 

of the acceptability of their segregation resistance performance. 

2. Surface penetration technique was successfully used for quantifying dynamic 

segregation occurred in T-box. This method is sufficiently repeatable and sensitive and 

has an excellent correlation with the direct segregation index of T-box test, VI. Hence, 

classification of the SCCs in terms of their stability could be based on this index alone 

145 
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without the need to be validated by VI results (the margin of error is ±0.5% and ±0.5 

mm for VI and PDG indices, respectively). Thus, using this technique saves time and 

labour needed to conduct the T-box test which makes this test a practical one for the 

site. 

3. The U-tube test was found to be promising to simulate segregation occurring due to 

freefall. The repeatability and sensitivity of the test were reasonably good (20%) and 

made the test capable of classifying SCCs with different stability levels, in general. 

The test is carried out along with the V-ftinnel test which leads to a more time-

effective test to be used on site. However, some discrepancies in the obtained results 

suggested that this test requires further development and modifications. 

4. The rheology study carried out to see the effect of rheological properties of concrete 

characterized by simple workability tests revealed that rheology is an important factor 

for controlling segregation. In case of T-box test (segregation over flow), the analysis 

of the variance (ANOVA) of the data showed that either decreasing slump flow or 

increasing V-funnel flow time (increasing viscosity) decreases dynamic segregation. In 

addition, the relationship between these workability characteristics and dynamic 

segregation is not linear, and there is no interaction between the effect of slump flow 

and V-funnel flow time on dynamic segregation. With regards to the U-tube test 

results, it was difficult to reach any certain conclusions as there were some unexpected 

outcomes, an example of which was given as the increase in segregation index with 

increase in viscosity. The global tendency, however, was analogous to that of T-box 

test, namely increasing V-funnel time or decreasing slump flow value generally 

decreases segregation. 

5. Direct analysis of the rheological properties of the mixtures revealed that for both test 

methods developed here, increasing either yield stress or viscosity induces a decrease 

in dynamic segregation. The scattered data presenting the relationship between either 

of the rheological properties and segregation revealed that both of these characteristics 

influence segregation, and that any possible relationship between dynamic segregation 

and SCC rheology should be examined upon proper classification of the data in terms 

of either yield stress or viscosity, as proposed in this chapter. 
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6. Effect of flow distance and flow velocity were examined by using the corresponding 

representatives, namely the number and duration of cycles, in T-box test, respectively. 

It was observed that as the flow distance (number of cycles) increases, the segregation 

also increases, but the rate of segregation reduces. Considering the flow velocity 

(duration of cycles), it was seen that by reducing the flow velocity, segregation first 

increases until a certain velocity, from which it starts either decreasing or remaining 

rather constant. Moreover, regardless of the flow velocity, segregation is always more 

severe for concretes with lower stability levels. Another important fact from this part 

was that the effect of velocity variation seemed to be less significant on dynamic 

segregation compared to that of workability changes (slump flow or V-funnel flow 

time). The recommended cycle duration is 2 sec to be used in the standard protocol of 

T-box test as performing the test with other durations is too time-consuming even 

though the segregation is more severe. 

7. The influence of paste volume on dynamic segregation was rather similar in both tests 

with the peak risk of dynamic segregation being reached at a higher paste volume for 

the U-tube test. Thus, in both tests, by increasing the paste volume, dynamic 

segregation first increased up to a certain point after which it started to decrease 

(probably due to sever initial static segregation of those mixtures). 

According to the results of this research work, the followings can be recommended for 

dynamic segregation resistance control of SCC mix designs 

1. Considering that there is no interaction between the effect of slump flow and V-funnel 

flow time on dynamic segregation of SCC, they can be each varied independently so 

that all the requirements pertaining to deformability, passing ability and segregation 

resistance could be met at the same time. 

2. Since the relationship between workability characteristics and dynamic segregation is 

not linear, there is nto need to design mixtures with extremely high V-funnel flow times 

(> 12 sec) or low slump flows (< 620 mm). As can be seen from Figures 5.12 and 5.13, 

there are ranges of optimized workability to ensure adequate segregation resistance of 

the mixture beyond which by changing such characteristics, no significant influence on 

segregation could be observed (620 mm < slump flow < 720mm, 5 sec < V-funnel 
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flow time <12 sec). Such ranges could be selected based on deformability and passing 

ability requirements of a given application so that all three self-consolidation criteria 

could be achieved in the same mixture (importance of correct workability design). 

3. It can be seen from Figures 5.14 to 5.16 that beyond a certain value of yield stress (35 

Pa) or viscosity (55 Pa.s), segregation does not vary significantly and remains within 

the acceptable range of stability meaning that having mixtures with rheological 

properties in those ranges not only do not benefit the stability of the concrete but also 

could compromise deformability and passing ability of the mixture. 

4. When designing a SCC mixture for a particular application, it is of great importance to 

consider the maximum travelling distance of the SCC inside the formworks as dynamic 

segregation is directly proportional to the flow distance. In other words, if the flow 

distance is short enough, dynamic segregation concerns over the flow could be 

completely neglected. Otherwise, the level of stability should be adapted for the 

maximum travelling distance of SCC the requirements of which could be estimated by 

means of T-box test. 

5. If the casting conditions cannot be adapted so that segregation could be reduced, it 

should be borne in mind that effect of workability (rheology) on dynamic segregation 

is more significant than that of casting conditions, and velocity in particular. Hence, 

effects of casting could be accounted for by adjusting the appropriate workability 

characteristics. 

6. Within the range of practical variations of paste volume of SCCs used on site, the 

effect of this parameter on dynamic segregation might not be as important as those of 

workability (rheology) or flow distance and velocity. Nonetheless, for such ranges it 

was shown that by increasing paste volume, segregation increases. 

At last, there are some parts that were not included in this project, but could be absolutely 

helpful in providing more insight into dynamic segregation phenomenon and determining the 

parameters that influence it. Hence, the subsequent tasks could be suggested as a future work 

1. The U-tube test needs further modifications so that it could reach its most optimized 

and appropriate performance. Using such final version of that test, more insightful and 

clear information about dynamic segregation due to freefall could be gathered. 
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2. There are more parameters that could be influential on dynamic segregation and then 

are worth being studied. Such factors include the packing density of aggregates (lattice 

effect), aggregates density, aggregates shape, maximum aggregate size, geometry of 

the formwork, and presence of obstacles in the formwork. In the specific case of 

freefall, effect of freefall height on dynamic segregation could be interesting to be 

studied. 

3. With regards to the equations proposed to predict the dynamic segregation using 

workability properties of the mixture, they should be further validated by means of a 

broader range of mix designs having different paste volumes, different way of 

changing the rheology of their mortar (in this work it was done by means of HRWRA, 

VMA, and paste compositions). 

4. Last but not least, a final essential step of the development of the proposed test devices 

is to compare their results with the results obtained on site. In that way, a correlation 

between the indices of the tests and the performance of the concrete in full-scale 

construction could be achieved. Based on such relationships comprehensive 

recommendations could be made on acceptable ranges of the tests responses for 

various. 
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APPENDIX B 

DETAILS OF THE ANOVA OF THE RHEOLOGY 
STUDY DATA 

B.l ANOVA results for the PDG index 

The complete results of ANOVA run to examine the effect of workability characteristics, 
slump flow and V-fiinnel flow time, on PDG index of T-box test obtained from DESIGN-
EXPERT 6 software package are as follows: 

Table B.l Sequential model sum of squares for the PDG index analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Mean 154.08 1 154.08 

Linear 73.25 2 36.62 15.21 0.0013 

2FI 0.25 1 0.25 0.093 0.7677 

Ouadratic 17.25 2 8.79 13.72 0.0058 Suggested 

Cubic 1.13 2 0.56 0.83 0.0058 Aliased* 

Residuals 2.72 4 0.68 

Total 249.00 12 20.75 

* A relationship of this order cannot be definitively determined with this number of points. 

"Sequential Model Sum of Squares": Select the highest order polynomial where the additional 
terms are significant. . . . . . 

Table B.2 Lack of fit tests for the PDG index analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Linear 21.48 6 3.58 57.28 0.0035 

2FI 21.23 5 4.25 67.93 0.0028 

Ouadratic 3.66 3 1.22 19.50 0.0180 Suggested 

Cubic 2.53 1 2.53 40.50 0.0079 Aliased 

Pure error 0.19 3 0.063 
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"Lack of Fit Tests": Want the selected model to have insignificant lack-of-fit. 

Table B.3 Model summary statistics for the PDG index analysis 

Source Std. Dev. R-squared 
Adjusted 

R-squared 

Predicted 

R-squared 
PRESS 

Linear 1.55 0.7717 0.7210 0.6188 36.18 

2FI 1.64 0.7744 0.6897 0.3071 65.77 

Ouadratic 0.80 0.9595 0.9258 0.7226 26.33 Suggested 

Cubic 0.82 0.9714 0.9212 -0.7103 162.33 Aliased 

"Model Summary Statistics": Focus on the model maximizing the "Adjusted R-Squared" and 
the "Predicted R-Squared". 

ANOVA for Response Surface Reduced Quadratic Model 

Table B.4 Analysis of variance (Partial sum of squares) for the PDG index analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Model 90.82 4 22.71 38.82 <0.0001 Significant 

A 29.97 1 29.97 51.25 0.0002 

B 43.28 1 43.28 74.00 <0.0001 

A2 11.56 1 11.56 19.76 0.0030 

B2 9.51 1 9.51 16.25 0.0050 

Residual 4.09 7 0.58 

Lack of fit 3.91 4 0.98 15.63 0.0238 Significant 

Pure error 0.19 3 0.063 

Cor total 94.92 11 

The Model F-value of 38.82 implies the model is significant. There is only a 0.01% chance 
that a "Model F-Value" this large could occur due to noise. 

Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, 
A2, B2 are significant model terms. Values greater than 0.1000 indicate the model terms are 
not significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 
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The "Lack of Fit F-value" of 15.63 implies the Lack of Fit is significant. There is only a 2.38% 
chance that a "Lack of Fit F-value" this large could occur due to noise. Significant lack of fit is 
bad — we want the model to fit. 

Std. Dev. 0.76 R-Squared 0.9569 

Mean 3.58 Adj R-Squared 0.9322 

C.V. 21.34 Pred R-Squared 0.8035 

PRESS 18.65 Adeq precision 17.266 

The "Pred R-Squared" of 0.8035 is in reasonable agreement with the "Adj R-Squared" of 
0.9322. 

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your 
ratio of 17.266 indicates an adequate signal. This model can be used to navigate the design 
space. 

Table B.5 Final equation factors for the PDG index analysis 

factor 
Coefficient 

estimate 
DF 

Standard 

error 

95% CI 

low 

95% CI 

high 
VIF 

Intercept 1.88 1 0.38 0.97 2.78 

A-Slump 

flow 
1.94 1 0.27 1.30 2.57 1.00 

B-V-funnel -2.33 1 0.27 . -2.97 -1.69 1.00 

A2 1.34 1 0.30 0.63 2.06 1.04 

B2 1.22 1 0.30 0.50 1.93 1.04 

Final equation in terms of coded factors: 

PDG = 1.88 + 1.94 x A - 2.33 X B + 1.34 x A2 + 1.22 x B2 (B.l) 

Final equation in terms of actual factors: 

PDG = 190.04122 - 0.56450 x slump flow - 1.44017 x V - funnel + 4.44215 x 
10-4 x slump flow2 + 0.048750 XV — funnel2 (B.2) 
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Table B.6 Diagnostics case statistics for the PDG index analysis 

Standard 

order 

Actual 

value 

Predicted 

value 
Residual Leverage 

Student 

residual 

Cook's 

distance 

Outlier 

t 

Run 

order 

1 5.50 4.83 0.67 0.375 1.112 0.148 1.135 5 

2 8.50 8.70 -0.20 0.375 -0.329 0.013 -0.307 6 

3 1.00 0.18 0.82 0.375 1.363 0.223 1.472 10 

4 5.00 4.05 0.95 0.375 1.576 0.298 1.816 7 

5 1.00 1.83 -0.83 0.625 -1.762 1.035 -2.186 3 

6 7.00 7.30 -0.30 0.625 -0.640 0.137 -0.611 12 

7 7.50 7.60 -.010 0.625 -0.217 0.016 -0.202 9 

8 0.000 1.02 -1.02 0.625 -2.185 1.592 -3.588* 2 

9 2.00 1.88 0.13 0.250 0.189 0.002 0.175 1 

10 1.50 1.88 -0.38 0.250 -0.566 0.021 -.537 8 

11 2.00 1.88 0.13 0.250 0.189 0.002 0.175 4 

12 2.00 1.88 0.13 0.250 0.189 0.002 0.175 11 

*Case(s) with |Outlier T| > 3.50 

Proceed to Diagnostic Plots (the next icon in progression). Be sure to look at the: 

1) Normal probability plot of the studentized residuals to check for normality of residuals. 

2) Studentized residuals versus predicted values to check for constant error. 

3) Outlier t versus run order to look for outliers, i.e., influential values. 

4) Box-Cox plot for power transformations. 

If all the model statistics and diagnostic plots are OK, finish up with the Model Graphs icon. 
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Figure B.l Normal plot of residuals for the PDG index analysis 
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Figure B.2 Plot of residuals versus predicted for the PDG index analysis 
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Figure B.3 Plot of residuals versus run number for the PDG index analysis 
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Figure B.4 Plot of predicted values versus actual values for the PDG index analysis 
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B.2 ANOVA results for the VI 

The complete results of ANOVA run to examine the effect of workability characteristics, 
slump flow and V-funnel flow time, on the VI of T-box test obtained from DESIGN-EXPERT 
6 software package are as follows: 

Table B.7 Sequential model sum of squares for the VI analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Mean 3906.02 1 3906.02 

Linear 2330.06 2 1165.03 27.73 0.0001 

2FI 22.56 1 22.56 0.51 0.4964 

Ouadratic 297.51 2 148.76 15.36 0.0044 Suggested 

Cubic 1.56 2 0.73 0.055 0.9470 Aliased 

Residuals 56.53 4 14.13 

Total 6614.25 12 551.19 

'Sequential Model Sum of Squares": 
erms are significant. 

Select the highest order polynomial where the additiona 

Table B.8 Lack of fit tests for the VI analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Linear 374.17 6 62.36 46.77 0.0047 

2FI 351.60 5 70.32 52.74 . 0.0040 -

Ouadratic 54.09 3 18.03 13.52 0.0300 Suggested 

Cubic 52.53 1 52.53 39.40 0.0082 Aliased 

Pure error 4.00 3 1.33 

"Lack of Fit Tests": Want the selected model to have insignificant lack-of-fit. 
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Table B.9 Model summary statistics for the VI analysis 

Source Std. Dev. R-squared 
Adjusted 

R-squared 

Predicted 

R-squared 
PRESS 

Linear 6.48 0.8604 0.8293 0.7650 636.41 

2FI 6.67 0.8687 0.8195 0.5909 1107.96 

Ouadratic 3.11 0.9785 0.9607 0.8553 391.77 Sueeested 

Cubic 3.76 0.9791 0.9426 -0.2440 3369.11 Aliased 

"Model Summary Statistics": Focus on the model maximizing the "Adjusted R-Squared" and 
the "Predicted R-Squared". 

ANOVA for Response Surface Reduced Quadratic Model 

Table B.10 Analysis of variance (Partial sum of squares) for the VI analysis 

Source 
Sum of 

squares 
DF 

Mean 

square 
F value Prob>F 

Model 2627.57 4 656.89 57.01 <0.0001 Significant 

A 1094.73 1 1094.73 95.01 <0.0001 

B 1235.34 1 1235.34 107.21 <0.0001 

A2 178.51 1 178.51 15.49 0.0056 

B2 178.51 1 178.51 15.49 0.0056 

Residual 80.65 7 11.52 

Lack of fit 76.65 4 19.16 14.37 0.0268 Significant 

Pure error 4K)0 3 1.33 _ -

Cor total 2708.23 11 

The Model F-value of 57.01 implies the model is significant. There is only a 0.01% chance 
that a "Model F-Value" this large could occur due to noise. 

Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, 
A2, B2 are significant model terms. Values greater than 0.1000 indicate the model terms are 
not significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 
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The "Lack of Fit F-value" of 14.37 implies the Lack of Fit is significant. There is only a 2.68% 
chance that a "Lack of Fit F-value" this large could occur due to noise. Significant lack of fit is 
bad ~ we want the model to fit. 

Std. Dev. 3.39 R-Squared 0.9702 

Mean 18.04 Adj R-Squared 0.9532 

C.V. 18.81 Pred R-Squared 0.8795 

PRESS 326.44 Adeq precision 22.020 

The "Pred R-Squared" of 0.8795 is in reasonable agreement with the "Adj R-Squared" of 
0.9532. 

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your 
ratio of 22.020 indicates an adequate signal. This model can be used to navigate the design 
space. 

Table B.l 1 Final equation factors for the VI analysis 

factor 
Coefficient 

estimate 
DF 

Standard 

error 

95% CI 

low 

95% CI 

high 
VIF 

Intercept 11.00 1 1.70 6.99 15.01 

A-Slump 

flow 
11.70 1 1.20 8.86 14.54 1.00 

B-V-funnel -12.43 1 1.20 -15.26 -9.59 1.00 

A2 5.28 1 1.34 2.11 8.45 1.04 

B2 5.28 1 1.34 2.11 8.45 1.04 

Final equation in terms of coded factors: 

VI = 11.00 + 11.70 X A - 12.43 x B + 5.28 x A2 + 5.28 x B2 (B.3) 

Final equation in terms of actual factors: 

PDG = 708.87369 - 2.14423 x slump flow - 6.71029 x V - funnel + 1.74587 x 
10"3 x slump flow2 + 0.21125 x V — funnel2 (B.4) 
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Table B.12 Diagnostics case statistics for the VI analysis 

Standard 

order 

Actual 

value 

Predicted 

value 
Residual Leverage 

Student 

residual 

Cook's 

distance 

Outlier 

t 

Run 

order 

1 22.50 22.29 0.21 0.375 0.078 0.001 0.072 5 

2 50.00 45.69 4.31 0.375 1.607 0.310 1.873 6 

3 3.00 -2.56 5.56 0.375 2.073 0.515 3.087 10 

4 21.00 20.83 0.17 0.375 0.062 0.000 0.057 7 

5 2.00 5.02 -3.02 0.625 -1.452 0.703 -1.609 3 

6 36.00 38.11 -2.11 0.625 -1.013 0.342 -1.015 12 

7 37.00 39.14 -.2.14 0.625 -1.028 0.352 -1.033 9 

8 1.00 3.99 -2.99 0.625 -1.438 0.689 -1.586 2 

9 10.00 11.00 -1.00 0.250 -0.340 0.008 -0.318 1 

10 10.00 11.00 -1.00 0.250 -0.340 0.008 -0.318 8 

11 12.00 11.00 1.00 0.250 0.340 0.008 0.318 4 

12 12.00 11.00 1.00 0.250 0.340 0.008 0.318 11 

Proceed to Diagnostic Plots (the next icon in progression). Be sure to look at the: 

1) Normal probability plot of the studentized residuals to check for normality of residuals. 

2) Studentized residuals versus predicted values to check for constant error. 

3) Outlier t versus run order to look for outliers, i.e., influential values. 

4) Box-Cox plot for power transformations. 

If all the model statistics and diagnostic plots are OK, finish up with the Model Graphs icon. 
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Figure B.7 Normal plot of residuals for the VI analysis 
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Figure B.8 Plot of residuals versus predicted for the VI analysis 
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Figure B.IO Plot of predicted values versus actual values for the VI analysis 
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Figure B.l 1 Plot of outlier T versus run number for the VI analysis 
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Figure B.12 Box-Cox plot for Power Transforms for the VI analysis 
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