Institute for Construction Materials
Department Civil Engineering and Environmental Science

Wide-Gap Rheometer Step-Profile Analysis for
Thixotropy Assessment and Numerical Criteria for
Equilibrium and Flow Model Choice

Axel NeiBer-Deiters

Dr.-Ing Nancy Beuntner
Univ.-Prof. Dr.-Ing. Karl-Christian Thienel

der Bundeswehr

Universitdt (3 Miinchen

o



Equilibrium
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Who is determining equilibrium by visual inspection?
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Methods
Data set

~215 rheometer runs
Different ratios of

H pore solutions

n water

calcined clay

cement

water/binder ratio: 0.4-1.2
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At different time “
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Equilibrium

Rheometer profile suggestions
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methods
rheometer — Viskomat NT

Sampling frequency ~ 9.9125 Hz
All data apparent rheological values (viscosity, yleld stress etc!!)
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Equilibrium

Integrity of data

Sedimentation
Plug flow

Viskomat NT Viskomat XL

Schau in den Topf

Look in the cup

Rheology of Building Materials, 2026, Institute for Construction Materials 6

der Bundeswehr

NeiBer-Deiters Universitdt @ Mlinchen



Equilibrium

Max RPM factor

0.9<x<1.1 -> ~ 30 measurements
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Equilibrium

Step analysis E

pre-shear rest ramp 1 100 steps pre-shear
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Equilibrium

Step analysis E

standard deviation Nmm

1 % < Coeffecient of variation= |0.05]
mean average (ME) S

< slope incline

Step 100 RPM
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Equilibrium
Step analysis

standard deviation
mean average (ME)

1 % < Coeffecient of variation=
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Summary equilibrium

Choice of profile

Integrity of data (particle migration)

Max RPM check } need to be fine tuned
Slope incline / variation coefficient to the data set
Minimum of 5 data points
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Flow model choice
Flow models used

Bingham (BH) linear T =Ty tyuV
Modified Bingham (MB)  quadratic T = 1)+, ¥ +c*y?
Herschel-Bulkley (HB) non-linear power-law 7 = 7y + K- 14
To  Vield stress C MB factor nonlinearity
i viscosity (shear thinning <O<shear thickening)
yp shear rate K  HB viscosity factor
n HB Flow behavior index

(shear thinning < 1 < shear thickening)
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Flow model choice
Herschel-Bulkley conditions

T = 19 + Ky"
Boundaries
To >0 Seeding value for 7, =Bingham 7
K>0 Seeding value for K = Bingham
p
0.5<n<23 Seeding values for n [0.7;0.9;1.0; 1.1; 1.5]
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Flow Model Choice

by hand — Example 1

torque [Nmm]

12 |
10 /
8
6
4 / X torque
— BH r>=0.9790
2 — MB r?=0.9999 c=5.1 exp”-4
— HB r*=0.9999 n=1.80
0 |
0 20 40 60 80 100

velocity [rpm]

Rheology of Building Materials, 2026,
NeiBer-Deiters

Institute for Construction Materials

der Bundeswehr

Universitdt i«} Miinchen

14




Flow Model Choice

by hand — Example 2

14

IR
[\

toquf [Nmm
o

X 5s MA
— BH r?=0.9986

— MB r?=0.9997 c= 8.63 *exp”"-5
— HB r?=0.9996 n=1.16

6 | |
0 20 40 60 80 100
velocity [rpm]
Rheology of Building Materials, 2026, Institute for Construction Materials cp_030csmi_060wr_Osp_a.xls 15

der Bundeswehr

NeiBer-Deiters Universitdt L\f Mlinchen



Flow model choice

50%
0.98| 25%
096 5% ‘
0.94
1%
0.92 Bingham
I modified Bingham
0.5 I Herschel-Bulkley
| BH MB HB ~717 data sets haven> 1.5
BH r? ~ 0.95
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Flow model choice

Residue analysis 1 e
y=1.50-0.062*x+5.13"exp"-4
2=0.9970

E (m BH m MB m HB
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Flow Model Choice

Residue

Example 1
B 5s MA
—— BH r*=0.9964 y=a+b*x+c*x"2
MB r?=0.9999 c=1.56 exp"-5 y=1.50-0.062*x+5.13*exp"-4|

—— HB r>=1.0000 n=1.29 r’=0.9970
'g (m BH m MB m HB|
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Example 3

®E torque

— BH r*=0.9928
—— MB r*=0.9962 c=-4.44 exp"4
— HB r*=0.9973 n=0.67

r’=0.4823

Example 2

_H [ 0®0wr_04 ] |

5s MA —

BH r2=0.9986 y=a +bx +cx?
—— MB r2=0.9997 c= 8.63 *exp"-5| y=0.25-0.0104"x+8.63"exp"-5"x3

—— HB r2=0.9996 n=1.158 > =0.8140
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2"d degree polynomal fit on bingham residue.
linear fit<r?=0.5<non linear fit
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ChatGPT

What ca.i | help with?

¥ " -
a4 Uiyaniz tion knowledr=

Good morning chatgpt

its fine. thank you for asking. how
are you?

| need some help with rheology data. |
have an excel sheet with the following
data format: and i need an anylsis on that.
1. i need bingham, mod bingham and
herschel bulkley fit on these values. |
need residues on the previous three fits.
and i need a second degree polynomal fit
only on the bingham residues with the
according r2. this needs to be displayed in
two graphs. 1 the three fits with their
values and raw data and second the three
residues plus polynomal fit with r? please
write me an r studio script. the excel
sheet name is "schleibi_conference_140"



Flow model choice

g} 55 VA i - I Residuals (3 fits) + Polynomial Fit on Bingham Residuals

—— BH r>=0.9964 y=a+b*x+c*x"2 0.10 7 Bingham residual poly fit R? = 0.9633

F—— MB r>=0.9999 c=9.02*exp”-5 y=2.64-0.0108"x+3.01"exp"-5|

—— HB r>=1.0000 n=1.29 r:=0.9633

L ]
= mE BH @ MB m HB
E 0. . | ‘
= 0.08
0 g
'8 0. § . Residuals
g é * Bingham
l.__O 1 % ) * 4 Herschel-Bulkley
§ 0.00 2 B NModified Bingham
° : :
z3 e
g 2 -0.05
o
21 .
0 20 40 80 20 100
0 20 40 60 80 100 Shear rate (gamma_dot)
velocity [rpm]
BH = 09336 + 0.0346 * x ===== FIT RESULTS =====

b}

_ -5 2| Bingham: tau = 0.933684 + 0.034689 * gamma
MB =1.1982 4 0.0239 * x +9.01 » 107 * x Modified Bingham: tau = 1.198150 + 0.023870 * gamma + 0.000090 * gammaA2

HB = 1.3257 + 0.00817 * x1:293 Herschel-Bulkley: tau = 1.325735 + 0.008177 * gammaA(l.293244)
Polynomial on Bingham residuals: RA2 = 0.963343
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Thixotropy on a step profile

~ \ngular Veloci (), (radis]
/'y K ]rmtf [rad/s]
w 3.20 3.20
= 2,70
e 2,39 2.39
%
L..E: 1.51
' 0.63
T
T¢ pics = Dﬂﬁ | rebuila ‘
8:11 _
z equilibium = [i e !
g breakdown shear stress g &_Wmm M
d § o5 \J e
E / breakdown I Lo
7 rebuild 0.4 . : ; breakdown
> 0 10 20 30 40 50
Time Time [seconds])
(a) (b)
(Sonebi & Feys, 2024) (Wallevik, 2009)
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Thixotropy on a step profile E
hysteresis

rest ramp 1 100 steps pre-shear rest ramp 2 60
. \f L N4 A N T : \ A 4 A \100 C|||e=0,901 .
” /
0= _ W fn-*'ﬁ‘h// oSml = 0,973
e [
60 S £ | 277 —
= Z030] s e — -
1 % 0 ’,4_.‘_.’_-“’:/. cSmk = 0,996
o g 20,5757 Thixotropy factors
0 2 - |-
Lt cement paste
1017 CEM/CC 70/30 Vol%
O 00 00 0O 00000000 Ov + © ©oO coo st w/gcé_g
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9 © 8 Velocity [rpm]
® time [s] © o
Thixotropy factor 1 (Thix 1) Thixotropy factor 2 (Thix 2)
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Thixotropy on a step profile

Inertia and recovery value

pre-shear rest ramp 1 100 steps pre-shear rest ramp 2
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recovery integer: 30s :
value = Y : g *+ 100 — 100 [%)] Maximum (values[10steps])
mean value integer: 5s
value > 0 -> inertia value
value <0 -> recovery value
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Thixotropy on a step profile

Inertia and recovery value

= nertig value
m r2=0.3277

e inertia value
r2=0.0773

value [%]
o

value [%]
o

-2 -2
-4 -4
=  Max_lInertia_Value — recovery value ®  Max_lnertia_Value e recovery value
2=
= Max_Recovery_Value r2=0.0762 = Max_Recovery Value r’=0.1685
-8 -6
0.7 0.8 0.9 1.0 1.1 0.7 0.8 0.9 1.0 1.1

thixotropy factor 1 [-]

thixotropy factor 2 [-]
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Thixotropy on a step profile

Hystereis loop

pre-shear rest ramp 1 100 steps pre-shear rest ramp 2
10d A [ . ] . \ 7 A N [ . Y A A4 A \ 100
: : 80
80 - inertia time =
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560 recovery t 60 =
Rl _N R
£ 40 @
g 40 0 §_
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Inertia / recovery time: how fast does torque move
towards mean value.
Threshold 1%
Minimum time within threshold: 1sec (~10data points)
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Thixotropy on a step profile
Inertia and recovery time
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Thixotropy on a step profile

pre-shear rest ramp 1 100 steps pre-shear rest ramp 2
A A | A A A A
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Ramp before steps
Step changes
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Take Home Messages

25
/([“\ 202().6
max RPM after steps check for data e \‘_ 15§
Integrity - TR
oo variation coefficient <1 % u Equ111br1um conditions via S]-Ope
_ slope incline <AQ,05 Nmm/s _. and variation coefficient
Flow model choice with > linear E.s (" eHa w6 u Fg

: : : r’=0.50 . S
Bingham residuum fit < nonlinear 3¢

-03
12

9 2 Thixotropy on step analysis as a
X “sidekick” unreliable
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