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A B S T R A C T

Calcined clays are promising supplementary cementitious materials, but can impair initial flowability and 
workability retention in concrete. This study investigated the influence of five superplasticizers on the early flow 
behavior of 70/30 vol% cement/calcined clay systems with four calcined 2:1 phyllosilicates with different illite 
and smectite contents. Over 2 h, rotational rheometry was applied to paste and concrete, and spread-flow tests to 
paste, mortar, and concrete, focusing on non-linear flow behavior and thixotropy. Across paste, mortar, and 
concrete, superplasticizer demand was governed by calcined clay type rather than superplasticizer type. The 
general demand followed the order illite > smectite/illite mixture > smectite, although the ranking changed 
slightly in concrete and quantitative prediction from paste to concrete was not possible. Diverging rheological 
impacts of seemingly similar clays may stem from colloidal interactions. Workability-retention challenges 
appeared to originate in the initial flow state: the flowability improvement from superplasticizers decreased by 
more than 60% within 2 h. A systematic dosage study for one calcined illite in paste showed that a flocculation- 
based thixotropic recovery became increasingly dominant at higher dosages, in addition to a suggested dosage- 
independent platelet-based contribution, whereas shear thickening increased with dosage and was confirmed 
across all investigated calcined clays. A moderate dosage provided the best workability retention. In concrete, 
limited data indicated pronounced static yield stress, shear-history dependence, and apparent saturation limits 
for certain clay–superplasticizer combinations. Overall, high superplasticizer dosages in calcined clay systems 
may impair workability retention or induce shear thickening, shifting the optimum toward lower dosages.

1. Introduction

Calcined clays are promising supplementary cementitious materials 
for reducing the clinker content and carbon footprint of concrete due to 
their broad availability and pozzolanic reactivity after calcination [1]. 
While kaolinite-rich calcined clays have been studied extensively [2], 
many natural clay deposits also contain substantial amounts of 2:1 
phyllosilicates such as illite and smectite [3–5]. These clays are relevant 
for expanding the raw material basis for potential calcined clays, but 
their use remains challenging as they can strongly affect fresh-state 
behavior, superplasticizer (SP) demand, and workability retention [6,7].

1.1. Time- and shear-history-dependent rheological behavior

Thixotropy describes a reversible, time-dependent phenomenon in 
which the resistance to flow of a material decreases over time while a 

constant shear rate is applied, and recovers when the material is sub
sequently left at rest [8]. Thixotropy is generally attributed to an 
interparticle network that forms at rest and is governed by attractive 
interactions between particle surfaces. When shear is applied, this 
network (sometimes named interparticle bridges) is destroyed, resulting 
in a lower shear stress response [8]. The initial break up of interparticle 
forces is related to the term static yield stress [9].

In cementitious systems, the short interparticle distances favor van 
der Waals attraction and flocculation [10,11], and ongoing hydration 
continuously changes surfaces, pore solution, and adsorption, so that the 
rheological response depends on both time and shear history [9].

Experimentally, thixotropy is closely linked with structural break
down. While thixotropy is reversible, structural breakdown describes an 
irreversible decrease in the shear stress response, commonly attributed 
to the rupture of bonds that do not reform, such as early hydrate bridges 
between particles [12,13]. Hysteresis loops are commonly used to assess 
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time-dependent behavior, but they cannot clearly distinguish between 
reversible thixotropy, irreversible structural breakdown, and 
hydration-related structuration [8]. Step profiles are therefore useful, 
because the recovery of stress or viscosity after a sudden decrease in 
shear rate provides an additional indication of thixotropic behavior 
[14].

1.2. Effect of calcined clays

Calcined clays can strongly affect the fresh-state behavior of 
cementitious systems. Their high specific surface area (5–95 m²/g) [5,7, 
15], platelet-like particle morphology [16,17], water adsorption ca
pacity [18–21], and surface charge [22,23] increase the number and 
strength of particle interactions and can therefore increase yield stress, 
thixotropy [24], and SP demand [20]. In addition, calcined clays can 
accelerate early hydration [15,25], including ettringite formation [26], 
which may further contribute to structural build-up [21] and work
ability loss [27].

The rheological impact of calcined clays depends strongly on clay 
mineralogy and cannot be inferred from a single material parameter 
alone. Differences in surface charge, water adsorption, swelling 
behavior, particle morphology, and SP interaction can lead to substan
tially different fresh-state responses even for calcined clays with com
parable surface area or clay content [17,28–30]. Consequently, their 
rheological behavior should be evaluated with regard to clay mineralogy 
and subsequent parameters rather than treating calcined clays as a 
uniform material class. Shear-dependent flow behavior can also vary in 
calcined clay systems. Reported trends are not uniform, with 
near-Bingham, shear-thinning, and shear-thickening behavior all being 
described for cementitious systems containing calcined clays [6,17,29, 
31–33]. Whether such non-linearity is captured depends on the applied 
model, since fitting a Bingham model to a shear-thickening material can 
return a physically meaningless negative yield stress [34]. This is 
addressed by the quadratic and power-law extensions such as the 
modified Bingham and Herschel–Bulkley models [35–37]. A comparison 
of models is therefore required before shear-dependent behavior can be 
interpreted [38]. Calcined clays can also increase static yield stress and 
thixotropy, with reported increases linked to negative surface charge, 
high water demand, and changes in early hydration products [23,39, 
40].

Within the group of 2:1 phyllosilicates, illitic and smectitic calcined 
clays affect superplasticizer demand differently. A calcined smectitic 
clay required about one third the superplasticizer than a calcined 
kaolinitic clay to reach comparable mortar flow [41], whereas calcined 
illites and muscovites reduced superplasticizer efficiency compared with 
metakaolin [42]. At a fixed superplasticizer dosage, pastes containing 
metamuscovite showed shear thickening, which was not observed for 
metakaolin [42]. Flow loss in the presence of superplasticizer has been 
attributed to newly formed hydrate surfaces that are not covered by 
superplasticizer, for calcined montmorillonite as well as for kaolinitic 
clays [43]. In cement-free solutions, calcined smectitic clays showed no 
swelling, and superplasticizer adsorption was low in comparison to 
calcined illitic clays [30].

1.3. Role of superplasticizers

Polycarboxylate ether (PCE) SPs improve dispersion by increasing 
electrostatic and steric repulsion between particles, thereby increasing 
particle separation and reducing attractive interparticle forces. As a 
result, higher SP adsorption and surface coverage have been associated 
with lower static yield stress and reduced thixotropic structural build-up 
[24,44,45].

However, this effect is not universal, since the molecular structure of 
the PCE and its influence on early hydration can also affect thixotropy. 
In particular, shorter side-chains or a higher anionic charge density have 
been reported to alter early hydrate formation and thereby increase 

thixotropic structural build-up [46,47]. Thus, SPs influence fresh-state 
behavior not only through initial dispersion, but also through adsorp
tion, surface coverage, molecular structure, and hydration-related 
changes during the first hours after mixing.

1.4. Research gap and scope of this study

Paste and mortar measurements are often used to study binder- 
related rheological effects because concrete rheometer measurements 
require substantially more material, labor, and time. For conventional 
ordinary Portland cement-based systems, Wallevik [48] reported that 
mortar and concrete yield values correlate strongly, whereas the cor
responding relationship for plastic viscosity was weak, partly due to 
effects such as plug flow, air entrainment, and gravel migration. This 
indicates that paste-level or mortar-level measurements can provide 
useful tendencies, but that transferability depends on the rheological 
parameter considered [49]. For calcined clay systems, this trans
ferability must be evaluated separately, because aggregate packing, 
paste film thickness, particle mobility, and calcined clay–SP interactions 
may further modify the concrete response. To the authors' knowledge, 
the influence of 2:1 phyllosilicate dominated calcined clay type on SP 
demand and workability retention has not been assessed consistently 
across paste, mortar, and concrete, and the effect of SP dosage on 
transient and non-linear flow behavior beyond the initial flowability has 
not been systematically examined for such systems.

This study investigates the influence of 2:1 phyllosilicate dominated 
calcined clay types, SP type, and SP dosage on the early flow behavior of 
70/30 vol% OPC/calcined clay systems. Four calcined clays with 
different illitic and smectitic contents are evaluated in paste, mortar, and 
concrete. SP demand and workability retention are assessed by spread- 
flow measurements, while rotational wide-gap rheometry is applied to 
paste and, for selected flowable mixtures, to concrete in order to eval
uate yield stress, viscosity, flow resistance, thixotropy, structural 
breakdown, and shear-dependent flow behavior. Particular attention is 
paid to whether paste and mortar results indicate concrete behavior and 
how higher SP dosages affect rheological behavior beyond the 
commonly evaluated initial flowability. The calcined clays and one of 
the SPs studied here were previously characterized in cement-free 
clay–SP suspensions [30]; the present study adds the cementitious ma
trix, the SP dosage variation, and the transfer to paste and concrete.

2. Materials and methods

2.1. Materials

2.1.1. Binder materials
An ordinary Portland cement CEM I 42.5 N (OPC) was used in all 

mixtures. The OPC had a water demand of 27 wt% [50], a spread flow of 
166 mm [51], a density of 3.12 g/cm³ [52], and a Blaine specific surface 
area of 2740 cm²/g [53]. The particle size distribution was characterized 
by d10, d50, and d90 values of 4.2, 23.4, and 63.1 µm [54], respectively. 
The mineralogical composition of the cement, as provided by the sup
plier, is given in Table 1.

Four 2:1 phyllosilicate dominated clays were used in this study. The 
methods and results of the mineralogical (Table 2), chemical, and 
physical (Table 3) characterization, as well as the calcination and 
grinding conditions, are described in full in [30]. The data relevant to 
the present work are repeated here for the reader's convenience; the 
complete mineralogical composition is given in the supplementary 
material (Table S1).

Zeta potential was determined via electro acoustic measurement 
using a DT-310 spectrometer Dispersion Technology Inc (Table 4). The 
liquid/solid ratio used was 3.0. Given values are based on the average of 
six measurements. Temperature was 23 ◦C. Solutions used were deion
ized water (DIW), a 0.12 M KOH solution (KOHS), and synthetic cement 
pore solution (SCPS) according to [59].
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2.1.2. Superplasticizers
Three polyethylene glycol type SPs were synthesized from poly

ethylene glycol methallyl ether side-chain (often referred to as HPEG) 
and acrylic acid backbone monomers. The SPs were named according to 
the side-chain length, expressed as the number of ethylene oxide units, 
and the molar ratio of backbone monomer (a) to side-chain macro
monomer (b).

The SP 52HPEG6 was previously used in [30], while two additional 
lab synthesized SPs are included in the present study (Table 5). These 
three SPs were synthesized and characterized by a joint research partner 
at the Technical University of Munich.

Additionally, two industrial PCE were included in the study. One 
industrial PCE was designed for common ready-mix concrete (RM-SP), 
intended for high initial flowability and slump retention. The second 
industrial PCE was specifically designed for a slump-retaining mix (SR- 
SP) in a system with calcined clays, with moderate initial flowability. No 
further characteristics of the two industrial PCEs were disclosed by the 
supplier. All SP dosages in this study refer to the solid content and are 
given by weight of binder (%bwob).

2.2. Mixture design and mixing procedure

2.2.1. Mixture design
Boundaries for mixture design are displayed in Table 6. The binder 

mass was kept constant for each medium, whereas the cement-to- 
calcined-clay ratio was proportioned volumetrically. Because the 
calcined clays differ slightly in particle density (Table 3), the binder 
volume and thus the total density of the mixtures vary marginally. Since 
the aggregate mass was also kept constant, the aggregate volume frac
tions given for mortar and concrete are design values; the resulting 
deviation between mixtures is below 0.1 vol%. CEN standard sand was 
used as aggregate for mortar [51], whereas a natural limestone aggre
gate was used for concrete. Liquid content of SPs was deducted from 
water addition. Throughout this paper, cIllE, cIllA, cSmk, and cSmI 
denote the calcined clays; the corresponding suspensions are referred to 
as, e.g., cIllE paste, cIllE mortar, and cIllE concrete.

2.2.2. Mixing protocol
The mixing protocol is displayed in Fig. 1. Paste and mortar mixing 

protocols are generally according to the relevant normative regulations 
[50,51]; including the prescribed rotary/planetary speeds of 
140/62 rpm at low speed and 285/125 rpm at high speed. The excep
tions were an initial dry-mixing when different binder solids were used 
and an initial hand mixing after water addition to ensure all solids are 
scraped off the wall and are within the range of the paddle. The concrete 
mixing was done with a mixer UEZ LZ 35/50 from UEZ Mischtechnik 
GmbH with 48 rpm.

2.3. Rheometric measurements and data evaluation

2.3.1. Rheometer setup and measurement procedure
Rheometric measurements were performed using rotational wide- 

gap rheometers. Paste was measured with a Viskomat NT, while con
crete was measured with a Viskomat XL. Both devices were manufac
tured by Schleibinger Geräte Teubert und Greim GmbH. Since both 
instruments are wide-gap rheometers, the determined rheological pa
rameters are rheometer-specific and should therefore be interpreted as 
apparent values. For the Viskomat NT, the measuring system used a cup 
with an inner diameter of 83 mm, a filling height of 70 mm, and a 
bottom clearance of 2 mm. Paste was measured with a window paddle of 
61 mm height. For the Viskomat XL, concrete was measured in a cup 
with an inner diameter of 165 mm and an inner depth of 165 mm, using 
a vane paddle with a diameter of 69 mm and a height of 69 mm, 
resulting in a radial gap of 48 mm and a bottom clearance of 48 mm, as 
described in [9,61].

Water and solid materials were stored at approximately 25 ◦C prior 
to testing. The sample was poured into the rheometer cup approximately 
6 min after water addition, using a sample volume of 370 ml for the 
Viskomat NT and 3000 ml for the Viskomat XL, corresponding to a 
filling height of 70 mm and 140 mm, respectively. The rheometer cup 
was equipped with a water-cooling unit set to 25 ◦C. The rheometer 

Table 1 
Mineralogical composition of OPC in cement chemistry notation. The producer is not named for confidentiality reasons.

C3S C2S C3A C4AF M C CS‾ CS‾H0.5 CS‾H2 CC‾ Other phases

OPC [wt%] 60.4 18.2 6.5 8.3 0.9 0.4 1.5 0.7 0.2 0.8 2.1

Table 2 
Mineralogy of raw clays; feldspar, carbonates, quartz, and constituents of less 
than 5 wt% are summed up in the last column. The complete mineralogical 
composition is given in the supplementary material. Data from [30].

[wt%] kaolinite illite / mica smectite other constituents

rIllE 10 74 16
rIllA 7 72 21
rSmk 7 4 54 35
rSmI 11 33 33 23

Table 3 
Physical parameters of the calcined clays used, data from [30].

Parameter Test method cIllE cIllA cSmk cSmI

particle density [52] ​ [g/cm³ ] 2.76 2.72 2.72 2.82
BET specific surface area [55] ​ [m²/g] 70.6 67.2 37.9 50.9
particle size distribution [54] d10 [µm] 2.8 2.5 2.4 2.6
​ ​ d50 [µm] 15.8 15.8 15.8 15.6
​ ​ d90 [µm] 49.6 60.7 56.3 60.5
water demand [56] ​ [wt%] 53.4 55.6 45.0 50.6
water adsorption capacity [57] ​ [wt%] 65.4 75.3 50.3 66.1
cation exchange capacity [58] ​ [cmol(+)/kg] 11 12 7 7

Table 4 
Zeta potential measurements and pH data in three solutions.

Calcined 
clay

DIW KOHS SCPS

​ pH Zeta 
potential

pH Zeta 
potential

pH Zeta 
potential

​ [-] [mV] [-] [mV] [-] [mV]
cIllE 7.7 -34.9 12.8 -34.8 12.9 -11.2
cIllA 11.1 -17.8 12.9 -20.7 13.0 -7.5
cSmk 9.9 -18.2 12.9 -19.4 13.0 6.2
cSmI 5.9 -19.6 12.8 -17.9 12.8 6.4
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profile was started 10 min after water addition. The data sampling rate 
was set to 10 Hz, corresponding to approximately 9.92 Hz in the 
exported Excel files.

Each calcined clay paste–SP combination was measured on at least 
two separately mixed batches. Replicates were considered reproducible 
if the transient and shear-dependent torque response agreed in shape; a 
parallel offset in torque level was tolerated as long as the residual 
pattern of the model fits (Section 2.3.4) remained unchanged. For this 
assessment, each batch was fitted separately and accepted if the re
siduals showed the same sign pattern and comparable magnitude over 
the covered speed range; otherwise a third batch was measured. One 
representative measurement was then used for further evaluation to 
avoid altering the original flow behavior by averaging data points. Data 
processing was performed in RStudio 2026.04.0. The evaluation script 
was written by the authors with AI-assisted code support (OpenAI 
ChatGPT, various model versions between 2023 and 2026). Evaluation 
was based on raw data unless smoothing was explicitly stated. Where 
smoothing was applied, a 30-point forward moving average was used 
unless stated otherwise. Graphical analysis was carried out in OriginLab 
2023.

The rheometer profile for paste is shown in Fig. 2 bottom, and the 
profile for concrete is displayed in Fig. 2 top. Both profiles followed the 
same general sequence, consisting of a pre-shear phase (0–45 s) and a 
rest phase (45–180 s), followed by a ramp-up, a short holding period at 
maximum rotational speed, and a ramp-down (Ramp1, 180–300 s). This 
was followed by stepwise decreases from the maximum rotational speed 
(steps, 305–620 s), in 10 rpm steps for the Viskomat NT with a 
maximum of 100 rpm and in 1 rpm steps for the Viskomat XL with a 
maximum of 8 rpm, except for the last two steps, which were reduced by 
0.5 rpm and 0.3 rpm, with each step lasting 30 s and including a step 
transition of 1 s. After the step profile, the pre-shear (620–671 s), rest 
(671–806 s), ramp-up, and ramp-down sequence was repeated in 
mirrored form (Ramp2, 806–926 s) until the end of the test. These phase 
designations and time intervals are used consistently in the following 
sections. For better visibility, the step analysis is displayed only for 
selected steps in Fig. 2.

2.3.2. Integral-based evaluation of ramp sections
For rheological evaluation, several parameters were calculated from 

the torque response. Four ramp integrals were determined from 
ramp1up, ramp1down, ramp2up, and ramp2down, as indicated in Fig. 2
in pink. The area under each shear ramp was calculated by numerical 
integration of torque over rotational speed using the composite trape
zoidal rule. For decreasing ramps, the absolute value of the integral was 

used to obtain positive area values. The integration boundaries were: 
Viskomat NT: 0.5 rpm < integration range < 99.95 rpm; Viskomat XL: 
0.1 rpm < integration range < 7.95 rpm. The integral of ramp1down 
was considered as the flow resistance parameter originally introduced 
by [62]. At each step the first 25 s were used to calculate the transition 
integral (Fig. 2, brown) and last 5 s to calculate the equilibrium integral 
(Fig. 2, green).

The ramp integrals were further used to calculate hysteresis and 
structural breakdown parameters. Hyst1 and Hyst2 were calculated 
from the hysteresis loops of Ramp1 and Ramp2, respectively (Eq. 1 and 
Eq. 2). Hyst-values close to 1 indicate that neither thixotropy nor 
structural breakdown is dominant. Hyst-values different from 1 indicate 
thixotropic behavior and/or structural build-up or breakdown. The 
structural breakdown factor (SBF) describes the change in the Ramp2 
integrals compared with Ramp1 (Eq. 3). 

Hyst1 =
integral ramp1down

integral ramp1up
(1) 

Hyst2 =
integral ramp2down

integral ramp2up
(2) 

SBF =
integral ramp2down + integral ramp2up
integral ramp1down + integral ramp1up

(3) 

2.3.3. Step-based evaluation and equilibrium criteria
For each step, the torque signal was integrated over the first 25 s 

after the step change (transition integral) and over the final 5 s of the 
step (equilibrium integral). Both integrals were divided by their 
respective time intervals to obtain time-normalized average torque 
values. The transient factor was then calculated as the relative difference 
between the average torque during the initial transition period and the 
average torque during the final equilibrium period (Eq. 4). 

Table 5 
SPs characteristics provided by the joint research partner. Data for 52HPEG6 are taken from [30]. Molecular weights are Mn and Mw; PDI is the polydispersity index. 
Detailed information on methodology for SP characterization can be found in [60].

PCE samples a:b side-chain Mw Mn PDI
Conversion rate of 
macromonomer

Measured anionic 
charge amount

[-] [nEO] [g/mol] [g/mol] [Mw/Mn] [%] [μeq/g]

23HPEG10 10 23 16530 9959 1.7 99.0 6040
52HPEG6 6 52 14940 10550 1.4 93.4 2146
52HPEG10 10 52 23570 16060 1.5 98.8 3745

Table 6 
Boundaries for mixture design. Grading curves of aggregates can be found in the 
supplementary material (Figure S1).

paste mortar concrete

Aggregate size - 0–2 mm 0–8 mm
Aggregate density - 2.65 kg/dm³ 2.73 kg/dm³
Aggregate volume (design) - 70 vol% 66 vol%
Gravimetric water binder ratio 0.5 0.5 0.5
CEM/CC 70/30 vol% 70/30 vol% 70/30 vol%

Fig. 1. Mixing protocols for the media tested. Paste mixing protocol is ac
cording to [50]; mortar is according to [51].

A. Neißer-Deiters et al.                                                                                                                                                                                                                         Construction and Building Materials 547 (2026) 148592 

4 



transientfactor = (1 −
transition integral/25 s
equilibrium integral/5 s

) ∗ 100 (4) 

The equilibrium integral was also used to calculate the equilibrium 
mean torque. With a sampling rate of approximately 9.92 Hz, the final 
5 s corresponded to approximately 49 data points. Equilibrium mean 
torque values were only used for flow model calculations if equilibrium 
was reached during the final 5 s of the respective step. Equilibrium was 
defined by a torque slope below 0.05 Nmm/s and a coefficient of vari
ation below 1%.

Transition time was separated into inertia time and recovery time, 
depending on the direction of the torque response after a step change. 
Both parameters describe the time required for the torque response to 
reach a range of ±1% around the mean torque value of the new step. If 
the torque response decreased towards the equilibrium value after the 
step change, this period was defined as inertia time and is shown in 
Fig. 2 in blue. If the torque response initially overshot and subsequently 
increased or recovered towards the equilibrium value, this period was 
defined as recovery time and is shown in Fig. 2 in red.

Due to technical limitations, the Viskomat NT showed higher de
viations at 10 rpm. Therefore, the 10 rpm data were excluded from 
rheological analysis.

2.3.4. Rheological model fitting
Rheological parameters were calculated from equilibrium points 

obtained during the step profile. Unless stated otherwise, yield stress 
refers to the dynamic yield stress.

The Bingham model (Eq. 5) was used as the default model for all 
datasets that fulfilled the equilibrium criteria. To assess whether non- 
linear flow behavior had to be considered, a modified Bingham model 
(Eq. 6) was additionally evaluated, and the p-value of the quadratic 
coefficient was used to test the null hypothesis that the quadratic term is 
equal to zero. This is equivalent to testing the Bingham residuals for a 
systematic quadratic pattern (Fig. 9); the residual pattern is therefore 
the primary evidence for non-linear flow behavior. A threshold of 0.03 
was chosen instead of the conventional 0.05 to be conservative, because 
the equilibrium criteria defined in Section 2.3.3 only exclude steps that 
clearly did not stabilize. Steps that just met these criteria may still 
contain residual transient effects. In slightly thixotropic samples, these 
retained points can distort the flow curve and result in a weakly 

significant quadratic coefficient, i.e., apparent shear thickening, 
although the material is not genuinely shear thickening [63]. If the 
p-value was greater than 0.03, the Bingham model was retained, the 
quadratic coefficient was treated as zero, and the Herschel–Bulkley (Eq. 
7) flow index was defined as n = 1, corresponding to Bingham-type 
behavior. [37]

τ = τ0 + μp γ̇ (5) 

τ = τ0 + μp γ̇ + cγ̇2 (6) 

τ = τ0 +Kγ̇n (7) 

If the p-value was below 0.03, the modified Bingham and Her
schel–Bulkley models were further evaluated. In this case, the yield 
stress and plastic viscosity reported in the following sections are those of 
the modified Bingham fit. The Herschel–Bulkley flow index n was used 
to characterize shear-thinning or shear-thickening behavior; it quan
tifies the magnitude of the deviation, not its significance. For Her
schel–Bulkley fitting, the Bingham yield stress and viscosity were used as 
starting values. If the Bingham yield stress was negative, a starting value 
of 0 was used instead. To improve convergence, multiple starting values 
for the flow index were tested: n = 0.7, 0.9, 1.0, 1.1, 1.5. The fitting 
constraints were: yield stress > 0, viscosity > 0 and flow index 0.5 <

n < 2.3. The fit with the highest R² among the converged solutions was 
selected.

For paste, all flow-model parameters refer to the step-equilibrium 
points described above. For concrete, the step-down sequence could 
not be evaluated because a localised shear plane developed during the 
steps (Section 3.4); the Bingham model was therefore fitted to the 
ramp1down data (0.1–7.95 rpm) and the parameters are reported as 
apparent values, without comparison to non-linear models.

Static yield stress was determined by finding the local maximum in 
the smoothed data within 180–190 s (start of ramp1up).

2.4. Spread-flow measurements and flow-loss evaluation

2.4.1. Spread-flow measurements
All spread flow measurements were conducted at least twice and 

results were averaged. Testing was carried out under laboratory condi
tions at 23–25 ◦C. In paste, spread flow was measured based on [64]

Fig. 2. Rheometer program for Viskomat NT (bottom) and Viskomat XL (top). Step analysis was done on every step for NT and XL, but for better visibility it is only 
displayed in this figure on NT steps 100 and 20 rpm. For the Viskomat NT, an exemplary torque profile is shown for visualizing the analysis of the torque values.
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with modifications: no compaction energy and a smooth PVC surface. 
The filling procedure, pre-wetting, and cone size were according to the 
normative procedure. Mortar spread flow measurements were according 
to [64] and concrete according to [65]. SP demand was considered the 
SP addition required to reach the target spread flow.

After the spread flow test, the sample material was poured back into 
the initial container and covered with a wet cloth. At the next mea
surement interval, the sample was stirred by hand for about 10 s in all 
three media, and the spread flow procedure was repeated. Boundaries 
for all three media are listed in Table 7, values regarding flow per
centage are addressed in the next section.

2.4.2. Time of flow loss
To determine the time of flow loss, spread-flow measurements were 

evaluated as a function of time. For each medium, the initial target 
spread flow was defined as 100% flow, while a medium-specific lower 
limit was defined as 0% flow. The time of flow loss was then defined as 
the time at which the normalized flow decreased to 40% of this flow 
range.

For paste, mortar, and concrete, 100% flow corresponded to the 
measured initial spread flow of the respective mixture, which was 
adjusted to the target values of 260 mm, 160 mm, and 510 mm within 
the tolerances given in Table 7. Mixtures that did not reach the target 
range were excluded from this evaluation. For paste and mortar, 0% 
flow was defined by the bottom diameter of the flow cone. For concrete, 
0% flow was defined as the lower limit of flow class F2 (350 mm) [66].

A 40% threshold was selected because spread-flow values close to the 
lower limit no longer represent actual flow behavior: in paste and mortar 
they mainly indicate limited deformation of the sample after lifting the 
cone rather than true spreading, and in concrete they often correspond 
to crumbling or local collapse within a limited diameter rather than 
continuous flow. The corresponding values in mm for 100, 40, and 0% 
flow are listed in Table 7 for the respective target spread flow; the 
resulting 40% threshold varies with the measured initial spread flow 
within the given tolerance. When the measured spread flow fell below 
the 40% threshold, the time of flow loss was determined by linear 
interpolation between the two adjacent measurement points.

3. Results and discussion

3.1. Calcined clay type controls superplasticizer demand across paste, 
mortar, and concrete

To evaluate the influence on rheology of calcined clay and SP type, 
the SP demand was compared in paste, mortar, and concrete. The de
mand was determined by adjusting the SP dosage required to reach the 
target spread flow defined for each medium (Table 7). Since the three 
media differ in target spread flow, calcined clay-to-solid ratio, and 
sample volume, absolute dosage values cannot be compared quantita
tively between paste, mortar, and concrete. Therefore, the following 
discussion focuses on qualitative trends across media and on quantita
tive comparisons within each medium.

Across all investigated media, the type of calcined clay has a stronger 
influence on the required SP dosage than the type of SP (Fig. 3). Within 

one calcined clay system, the variation between different SPs tends to be 
comparatively small, whereas the differences between the calcined clays 
are much more pronounced for a given SP. This indicates that the SP 
demand is primarily governed by the calcined clay type.

Across the investigated media, the SP demand generally follows the 
order cIllE > cIllA > cSmI > cSmk, with the illitic calcined clays 
requiring the highest dosages and the smectitic calcined clay the lowest. 
This ranking is clearly observed in paste and mortar. In concrete, how
ever, the ranking is modified: for SR-SP, cSmI requires a higher dosage 
than cIllA. In addition, RM-SP did not achieve the target spread flow for 
cIllA and cSmI within the investigated dosage range. A higher dosage did 
not lead to an increase in slump flow, suggesting these samples have 
reached their saturation limit [67]. This limitation was not apparent in 
paste or mortar. Moreover, cIllE required the highest SP dosage without 
reaching such a saturation limit, indicating that the observed limitation 
was specific to certain calcined clay–SP combinations rather than being 
controlled by dosage level alone. These results show that the transition 
to concrete can both change the relative order between individual 
calcined clays and reveal practical limitations of specific calcined 
clay–SP combinations.

At the same time, the comparison between the three media shows a 
two-sided effect. On the one hand, the relative differences between the 
calcined clays become less pronounced when moving from paste to 
mortar and concrete. Taking cIllE as reference within each medium, the 
dosage required for cSmk with SR-SP corresponds to only 15% of the 
cIllE dosage in paste, 20% in mortar, and 41% in concrete. A similar 
tendency is observed for cIllA and cSmI. This indicates that the calcined 
clay-specific contribution to SP demand is partly masked in aggregate- 
containing systems, where aggregate packing, paste volume, paste film 
thickness, and particle mobility also influence the measured spread flow 
[68–73]. On the other hand, the main tendencies observed in paste and 
mortar are still retained in concrete. In particular, cIllE remains the most 
demanding calcined clay in all media, while cSmk remains among the 
least demanding calcined clays. This is consistent with Ferraris et al. 
[49], who showed that paste rheology can provide useful indications for 
selecting mineral admixtures such as fly ash for concrete workability. 
Thus, paste and mortar tests indicate transferable tendencies for SP 
demand, but they do not provide a quantitative prediction of concrete’s 
SP demand for the systems investigated.

The comparatively small influence of SP type is particularly relevant 
considering the structural differences between the investigated PCEs. 
This can be seen most clearly by comparing 52HPEG6 and 52HPEG10, 
which have the same side-chain length but differ in backbone-to-side- 
chain ratio (Table 5). The higher backbone-to-side-chain ratio of 
52HPEG10 results in a higher measured anionic charge compared with 
52HPEG6 (3745 μeq/g vs. 2146 μeq/g). Nevertheless, this difference 
does not lead to a pronounced change in the required SP dosage within a 
given calcined clay-cement system. This is consistent with Li et al. [74], 
who suggested for limestone calcined clay cements (LC3) that a higher 
anionic charge density can increase adsorption without necessarily 
improving dispersion. The comparable dosage levels obtained with 
SR-SP and RM-SP, despite their different chemical composition, further 
support that the limited influence of SP type is not restricted to the PCEs 
synthesized from polyethylene glycol methallyl ether macromonomers. 
Thus, under the investigated conditions, differences in SP type appear to 
play a subordinate role compared with the influence of calcined clay 
type. Accordingly, no clear calcined clay-specific optimum SP can be 
identified within the investigated set of admixtures.

Overall, the results show that SP demand is governed primarily by 
calcined clay type, while the investigated SPs mainly affect the exact 
dosage level. The high demand of cIllE is retained from paste to con
crete, identifying this calcined clay as the most critical system constit
uent for initial flow adjustment. Although the relative differences 
between calcined clays become less pronounced in aggregate-containing 
systems, the main tendencies observed in paste and mortar remain 
visible in concrete. The investigated SPs therefore allow dosage 

Table 7 
Boundaries for spread flow measurements, workability over time and flow loss.

medium
target 
spread 
flow

compaction 
energy

measurement 
interval

40% 
flow

0% 
flow

​ mm jolts min mm mm

paste 260 ± 5 -
6, 15, 30, 45, 60, 
90, 120 164 100

mortar 
[64] 160 ± 5 10

6, 15, 30, 45, 60, 
90, 120 124 100

concrete 
[65]

510 ± 20 15 6, 30, 60, 90, 120 414 350
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adjustment within each calcined clay blended system, but they do not 
yet fully overcome the high demand imposed by challenging calcined 
clays. To understand whether this high demand originates from intrinsic 
rheological differences between the calcined clay cement systems, the 
following section first examines the early-time flow behavior of the 
pastes without SP and then evaluates how the efficiency of SP addition 
changes over time.

3.2. Calcined clay type governs flow resistance while superplasticizer 
efficiency declines significantly during the first 2 h

The previous section showed that using cIllE requires the highest SP 
dosage to reach the target spread flow in all media and that the calcined 
clay-dependent demand is only partly affected by the investigated SPs. 
To identify the rheological origin of these differences, the early-time 
flow behavior of the calcined clay cement pastes was evaluated over 
the first 2 h. The analysis first considers the intrinsic rheological 
response without SP and then examines how the flow resistance 
reduction caused by SP addition changes with time.

3.2.1. Rheological differences between calcined clays without 
superplasticizer

Without SP, blended systems with the four calcined clays differ 
substantially in their early rheological response. Particular attention is 
paid to the comparison between cIllE and cIllA, as both calcined clays 
are illitic and generally similar in several material characteristics 
(Table 3) but led to markedly different SP demand and rheological 
behavior.

As summarized in Table 8, the calcined clay systems differ much 
more strongly in yield stress than in viscosity. The cIllE paste shows by 
far the highest yield stress (81.6 Nmm). At the opposite end, cSmk paste 

exhibits both the lowest yield stress (21.0 Nmm) and the lowest viscosity 
(0.134 Nmm/rpm). Beyond these absolute levels, cSmk paste is also the 
only paste that approaches the transition toward shear-thickening 
behavior (p-value = 0.031). By contrast, viscosity remains broadly 
similar for all calcined clay pastes containing an illitic fraction, namely 
cIllE, cIllA, and cSmI. Since all pastes were prepared at the same solid 
volume fraction, viscosity is expected to be governed mainly by particle 
packing and by the amount of free water, whereas yield stress addi
tionally reflects the strength of the attractive interparticle network [75]. 
The comparable viscosity across the illite-containing pastes therefore 
indicates that the calcined clays differ primarily in their colloidal in
teractions rather than in their volumetric packing contribution. The 
concurrently lower viscosity of cSmk paste is consistent with its 
distinctly lower BET specific surface area (37.9 m²/g) and water 
adsorption capacity (50.3 wt%, compared with 65–75 wt% for the 
illite-containing calcined clays, Table 3). Ferrari et al. [20,21] attributed 
the reduced flowability of clay-containing systems to water adsorbed on 
the clay surface that is no longer available for flow, an effect that would 
be most pronounced for the samples with the highest adsorption 
capacity.

The hysteresis-based parameters reveal an additional difference. All 
calcined clay pastes show moderate structural breakdown within the 
first hysteresis loop (Ramp1). During the second hysteresis loop 
(Ramp2), however, a more pronounced reduction in Hyst2 is observed 
only for cIllE paste (0.947–0.907), whereas the other calcined clay 
pastes remain comparatively stable. In combination with an SBF value 
greater than 1, this suggests that cIllE paste undergoes stronger time- 
dependent structuration during the measurement, most likely related 
to ongoing hydration. This already indicates a less favorable workability 
retention of cIllE paste compared to the other calcined clay pastes.

Fig. 4 further clarifies this distinction by showing the yield stress 
development over time without SP. In absolute terms (Fig. 4a), cIllE 
paste shows the strongest increase and reaches a very high yield stress 
(80 Nmm) already at early age. The yield stress values of the other 
calcined clay pastes also increase continuously with time, but much 
more gradually and at substantially lower levels. Additionally, it is 
noteworthy that the order of yield stress values over time does not 
change regarding the initial order. For example, a calcined clay paste 
with the best initial workability also has the best workability retention, 
in comparison to the other investigated systems.

When the same data are normalized to the initial value at 10 min 
(Fig. 4b), the relative increase in yield stress appears broadly similar for 
all calcined clay pastes. This indicates that these calcined clay pastes 

Fig. 3. SP demand in paste, mortar, and concrete. Binder composition was 70/30 vol% OPC/CC. If not specified otherwise, missing data points were not tested. 
Samples with hatched columns did not reach target spread flow.

Table 8 
Rheological parameters from rheometer measurements for 70/30 vol% OPC/CC 
system without SP.

Paste
yield 
stress viscosity

flow 
resistance

p 
value Hyst1 Hyst2 SBF

Nmm
Nmm/ 
rpm Nmm*rpm - - - -

cIllE 81.6 0.187 8781 0.265 0.947 0.907 1.133
cIllA 32.4 0.179 4171 0.482 0.949 0.944 0.991
cSmk 21.0 0.134 2782 0.031 0.969 0.973 0.947
cSmI 30.8 0.186 4033 0.071 0.946 0.954 0.968
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differ mainly in their initial yield stress, while their subsequent stiff
ening relative to the starting value follows a comparable trend. For cIllE 
paste, a similar relative development is likely, but it cannot be assessed 
with certainty because the paste was no longer measurable at later times 
due to wall slippage.

The pronounced difference between cIllE and cIllA pastes therefore 
appears to arise primarily from the initial yield stress level. Since the two 
illitic calcined clays are quite similar in terms of mineralogical compo
sition as well as several physical parameters, including BET specific 
surface area, water adsorption, and cation exchange capacity (Table 3), 
these factors cannot explain the marked rheological difference between 
these two calcined clay pastes. One plausible explanation is the different 
zeta potential of both calcined clays, which indicates different surface 
characteristics and affects the balance between osmotic repulsive and 
van der Waals attractive forces [7,30].

At the same time, pastes blended with the other calcined clays do not 
follow a pattern that can be explained by zeta potential alone. Addi
tional physical parameters and particle interaction effects are therefore 

likely to contribute as well. Consequently, zeta potential should be 
regarded as a relevant, but not exclusive, parameter for explaining the 
observed differences in yield stress. This underlines that even calcined 
clays with a seemingly similar mineralogical composition cannot be 
treated as rheologically equivalent materials: even at 30 vol% replace
ment, similar calcined clays may lead to substantial differences in fresh- 
state behavior of the calcined clay pastes.

3.2.2. Loss of superplasticizer efficiency over time
After establishing the intrinsic rheological differences between 

pastes with different calcined clays, the effect of SP addition on the time- 
dependent flow resistance was evaluated using SR-SP. For this com
parison, flow resistance was used instead of yield stress because several 
superplasticized mixtures did not provide sufficient equilibrium data 
points for reliable flow-curve fitting at later measurement intervals. 
Flow resistance allows these later measurements to be retained but may 
include contributions from ongoing structural breakdown and viscosity 
[9]. Since the extent of non-equilibrium effects may differ between 
samples, the discussion focuses on general time-dependent trends rather 
than exact absolute values.

Fig. 5a and c shows a strongly reduced initial flow resistance for all 
investigated calcined clay pastes due to the addition of SR-SP. When the 
data are normalized to the initial value at 10 min (Fig. 5b), the non- 
superplasticized systems show only a moderate increase in flow resis
tance. In contrast, the superplasticized systems (Fig. 5d) exhibit a much 
stronger relative increase, especially after 60 min. This increase remains 
partly calcined clay-dependent, with a lower relative increase for cSmk 
than for the illitic-containing calcined clays (cIllA and cSmI). Thus, SP 
addition does not eliminate the calcined clay-specific tendency toward 
flow resistance build-up. Two effects may contribute to this behavior. 
First, the initially dispersed state can consume the available SP early 
[30], so that little reserve remains in the pore solution to cover the 
surfaces created by ongoing hydration. Second, the PCE molecular 
structure itself influences very early hydration kinetics: a faster ettrin
gite formation increases the specific surface area and thereby promotes 
structural build-up in OPC systems [46,76]. Superplasticizer addition 
could therefore promote part of the structuration that its initial 
dispersing effect masks, which would be consistent with the stronger 
relative increase observed here. The interpretation for cIllE paste is 
limited because measurements could not be continued after 30 min 

Fig. 4. Yield stress development over time for 70/30 vol% OPC/CC system 
without SPs. (a) absolute values, (b) relative values compared to initial yield 
stress at 10 min.

Fig. 5. Flow resistance development over time for 70/30 vol% OPC/CC paste. Absolute flow resistance over time without (a) and with SP (c). Flow resistance 
development over time in comparison to initial flow at 10 min without (b) and with SP (d). Measurements for cIllE paste without SP were not possible due to wall 
slippage after 30 min (60 min with SP). SP dosages according to Fig. 3.
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without SP and after 60 min with SP due to the very stiff consistency and 
resulting wall slippage.

The loss of SP efficiency is further illustrated in Fig. 6, where the flow 
resistance of the superplasticized systems is related to the corresponding 
non-superplasticized reference at the same time. Despite the different 
absolute flow resistances of the calcined clay pastes, the normalized 
ratios follow a similar development: SR-SP strongly reduces initial flow 
resistance. At 30 min, some samples show a slight improvement in 
flowability, as expected for the slump-retaining SP, but by 60 min the 
initial reduction in flow resistance decreases continuously. At 120 min, 
the flow resistance of the superplasticized systems reaches approxi
mately 60–80% of the corresponding non-superplasticized references, 
meaning that only about 20–40% of the reduction effect of SP remains. 
This indicates that the time-dependent loss of SP efficiency is a general 
behavior rather than being restricted to one calcined clay, even though 
its magnitude remains partly calcined clay-dependent.

The progressive loss of the initial improvement agrees with previous 
reports of flow loss in calcined clay systems despite PCE addition [22]. 
Therefore, the dosage required to reach an initial target spread flow 
should not be interpreted as an indicator of workability retention. To 
evaluate this behavior across paste, mortar, and concrete, the time of 
flow loss is considered in the following section.

3.2.3. Time of flow loss across paste, mortar, and concrete
To complement the rheometer-based analysis, time-dependent 

workability was evaluated using spread-flow measurements in paste, 
mortar, and concrete. Since the spread flow was measured at several 
time intervals, the data were reduced to one characteristic value for 
comparison (raw data in Table S3 and individual spread-flow curves in 
Figure S2). For this purpose, the time of flow loss was defined as the time 
at which the normalized spread flow decreased to 40% of the medium- 
specific flow range (Section 2.4.2).

Fig. 7 shows the time of flow loss as a function of SP dosage for all 
investigated calcined clays, SPs, and media. The overall trend indicates 
that increasing SP dosage does not lead to improved workability 
retention. Instead, the time of flow loss tends to decrease with increasing 
dosage. Due to the broad range of materials and test media included in 
this plot, this trend should not be interpreted as a predictive relation
ship. Nevertheless, it highlights that the dosage required to reach the 
initial target spread flow is not a reliable indicator of flow retention.

The behavior in paste differs clearly from that in mortar and con
crete. In paste, the data points form distinct clusters and the time of flow 
loss follows the same general calcined clay-dependent tendency 
observed for the initial SP demand, but in reverse order. The cIllE paste 
shows the shortest retention, followed by cIllA and cSmI pastes, whereas 
cSmk paste results in the longest time of flow loss. However, the inter
pretation is not unambiguous because calcined clay type and SP dosage 

are coupled: The calcined clays with higher intrinsic demand also 
require higher dosages to reach the initial target spread flow. Therefore, 
this data set cannot distinguish whether the shorter flow-loss time is 
caused primarily by the calcined clay type, by the higher SP dosage, or 
by the combination of both.

In mortar and concrete, the clustering observed in paste is no longer 
visible, consistent with the masking effect of aggregate-containing sys
tems discussed in Section 3.1. Most mixtures reach the defined flow-loss 
criterion after approximately 30 min, largely independent of calcined 
clay type, SP type, or dosage. The main exception is the use of cSmk with 
RM-SP in concrete, which retains flowability for longer than 60 min. 
Apart from this case, neither low nor high SP dosages lead to a sys
tematic improvement in flow-loss time. Thus, high SP dosages may be 
associated with reduced flow retention in paste, whereas in mortar and 
concrete they do not clearly worsen the behavior but also do not prevent 
rapid flow loss.

This is relevant because increased SP dosage is often used to 
compensate for poor initial workability of calcined clay systems [28]
and in ordinary cement paste an increased dosage can improve work
ability over time [77]. While in ordinary Portland cement SPs will 
adsorb over time, in LC3 more SP is adsorbed initially [27]. This could 
be a reason for the poor workability, independent of SP dosage. Dhers 
et al. [78] showed that specific surface area has an inverse correlation 
with workability. But since the specific surface area for the calcined 
clays in this study differs from 35 to 70 m²/g and time of flow loss is 
similar in mortar and concrete, this may not be sufficient to explain flow 
loss.

Overall, the time-of-flow-loss analysis revealed a discrepancy be
tween workability retention and initial SP demand. While the initial 
demand exhibited transferable tendencies from paste and mortar to 
concrete, the time of flow loss cannot be predicted reliably from paste 
measurements. Paste remains sensitive to differences between calcined 
clay–SP combinations, whereas mortar and concrete show a compressed 
response, with most systems losing flowability after approximately 
30 min. Consequently, this further supports the hypothesis that the 
dosage required to reach an initial target spread flow should not be 
interpreted as an indicator of workability retention. This motivates the 
following section, where the effect of SP dosage on rheological stability 
is examined in more detail for the most demanding system, cIllE paste.

3.3. High superplasticizer dosage reduces yield stress but reveals 
thixotropy, promotes shear thickening, and accelerates relative flow loss in 
paste

Pastes containing calcined clays as supplementary cementitious 
materials require significantly higher SP dosages to achieve comparable 
workability. As a result, SP dosage becomes a critical parameter 

Fig. 6. SP efficiency for 70/30 vol% OPC/CC system showing the reduced flow resistance of superplasticized (SR-SP) samples in comparison to mixtures without SP 
at the same time interval in percentage. Calculated from data displayed in Fig. 5a and c.

A. Neißer-Deiters et al.                                                                                                                                                                                                                         Construction and Building Materials 547 (2026) 148592 

9 



governing the rheological behavior of these systems. Therefore, this 
section systematically investigates the effect of one SP (52HPEG6) at 
different dosages in a single illitic calcined clay paste (cIllE paste). While 
increasing dosage is generally intended to reduce yield stress with only 
minor influence on viscosity, the present results highlight that dosage 
also affects the time-dependent and non-linear rheological properties 
such as thixotropy, shear-rate-dependent viscosity, and workability 
retention of the system.

3.3.1. Flow-curve analysis and transient behavior
A first indication of dosage-dependent changes in flow behavior is 

given by the hysteresis loop factors Hyst1 and Hyst2 in Table 9. Hyst1 
suggests an increase in thixotropy with increasing dosage. However, 
these parameters alone are not sufficient, as hysteresis loops cannot 
differentiate between thixotropy, structural breakdown, and hydration 
kinetics [9,73,79]. This limitation arises from the overlap of reversible 
and irreversible structuration mechanisms in cementitious systems, 
which contribute simultaneously to the measured torque response. 
Therefore, a more detailed analysis of the actual flow behavior is 
required.

Fig. 8 shows the flow curves of cIllE paste with 52HPEG6 at stepwise 
increasing dosages by 0.1%bwob, together with selected sections of the 
flow profile smoothed and normalized for better comparison. As ex
pected, the overall torque response decreases with increasing SP dosage. 
At low dosages, however, both Ramp1 (180–300 s) and Ramp2 
(806–926 s) show a pronounced asymmetry between the upward and 
downward ramps. In particular, the plateau of Ramp2 for the sample 
without SP (Fig. 8d) exhibits a clear decline in torque, even though the 
rotational speed remains constant. Without structural effects, the torque 
response at constant speed would be expected to remain constant [63], 
as observed for dosages of 0.2%bwob and higher. The declining plateau 

therefore indicates ongoing destructuration under shear. Given the high 
shear level reached during Ramp2, this behavior is unlikely to reflect 
pure thixotropy, a completely time-dependent and reversible phenom
enon [79]. A large part of the reversible thixotropic structure is expected 
to be broken down during the ramp to 100 rpm, so the continued decline 
in torque is more plausibly attributed to the breakdown of early hy
dration products. This interpretation is supported by the significantly 
lower (0.04) Hyst2 value compared to Hyst1 for the sample without SP. 
As thixotropic structuration is known to occur on short time scales 
(seconds to minutes) and to stabilize rapidly [80,81], a decrease in 
thixotropic bond strength over the investigated time interval (~10 min) 
is unlikely. Further evidence for hydration-driven effects is given by the 
plateau at Ramp2 (~115 Nmm), which is significantly higher than the 
torque response at 100 rpm step (103 Nmm) and ramp1 plateau, 
resulting in a high SBF value (Table 9). Such an increase in structural 
resistance over time is consistent with the progressive contribution of 
hydration products to the rheological response [9,81]. Accordingly, the 
combination of SBF > 1 and Hyst2 ≪ Hyst1 can be interpreted as an 
indicator of hydration-induced structural evolution rather than purely 
thixotropic behavior. Under identical rest conditions, the same shear 
section would be expected to produce a similar response (Hyst1 =Hyst2, 
SBF=1) if only thixotropy were involved. The observed deviation 
therefore indicates that the material’s microstructure changed during 
the interval between ramp1 and ramp2, most likely due to ongoing 
hydration. While the behavior at low or absent SP dosage is dominated 
by structural breakdown and hydration-related effects, the higher dos
ages increasingly reveal a distinct contribution to thixotropy. To analyze 
this in more detail, the transient flow behavior during changes in rota
tional speed is considered [9].

At 90 rpm step (Fig. 8a), all samples approach the final step response 
by creeping down from initially higher torque values. The inertia time 

Fig. 7. Time of flow loss for different SPs and calcined clays in paste, mortar, and concrete. Binder composition was 70/30 vol% OPC/CC. SP dosage is determined by 
medium specific spread flow. Mixtures still above the 40% threshold at the end of testing are plotted at 120 min or 60 min and are lower bounds.

Table 9 
Rheological parameters for different SP dosages for cIllE paste in 70/30 vol% OPC/CC system with 52HPEG6.

Parameter Unit SP dosage in %bwob

​ ​ 0 0.1 0.2 0.3 0.4 0.5
yield stress Nmm 81.6 48.7 34.1 25.2 17.1 9.4
Viscosity Nmm/rpm 0.187 0.234 0.157 0.024 0.019 0.030
c 10− 3*Nmm/rpm² - - - 0.726 0.770 0.680
n - - - - 1.765 1.811 1.704
90 rpm transient factor % 0.650 0.750 0.591 -0.170 0.763 -0.105
90 rpm inertia time s 10.3 10.8 9.5 0.1 14.4 1.3
20 rpm transient factor % -1.857 -0.485 -0.262 -0.700 -1.227 -1.499
20 rpm recovery time s 21.5 1.5 0.6 5.3 10.6 14.0
Hyst1 - 0.947 0.944 0.943 0.950 0.923 0.913
Hyst2 - 0.907 0.974 0.978 0.956 0.958 0.935
SBF - 1.133 1.006 1.070 1.130 1.080 1.025
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listed in Table 9 decreases with increasing SP dosage, with the value at 
0.4%bwob excluded from interpretation due to indications of a mea
surement artefact in this particular step. The transient factor shows a 
similar trend, although the order changes slightly because it is normal
ized to the final mean torque of the step. For low SP dosages, the tran
sient response is still strongly influenced by structural breakdown, and a 
clear distinction from thixotropy cannot be made on this basis alone.

At 20 rpm step (Fig. 8b), all samples exhibit an initial stress under
shoot. While the superplasticized mixtures recover only gradually to
ward a constant torque response, the sample without SP shows a much 
stronger undershoot (partly outside the axis range) followed by a steep 
increase in torque, indicating rapid restructuration rather than slow 
equilibration. Consistently, the torque response at the plateau of Ramp2 
is much higher than during the 100 rpm or during Ramp1 (Fig. 8). This 
suggests a significant contribution from hydration processes, which 
could explain the pronounced increase in torque at 20 rpm. A clear 
distinction between thixotropy and hydration kinetics is not possible in 
this sample, but a substantial hydration-related contribution appears 
likely.

At higher SP dosages, particularly 0.4 and 0.5%bwob, the transient 
response at 20 rpm showed a clearly resolved thixotropic recovery, as 
described by Wallevik [63]. The lower dosages (0.1, 0.2, and 0.3% 
bwob) also exhibit an undershoot, but the signal is more irregular and 
likely still affected by a competing structural process. The 20 rpm 
transient factor and recovery time (Table 9) both decrease up to 0.2% 
bwob and then increase again: from 0.3%bwob onwards, the magnitude 
of the transient factor roughly doubles (− 0.7% to − 1.5%) and the re
covery time rises from 5.3 to 14.0 s, while the yield stress decreases from 
25.2 to 9.4 Nmm. The thixotropic contribution thus becomes more 

pronounced in the step response with increasing dosage. Although these 
data are not precise enough to support a quantitative ranking, they 
clearly serve as indicative evidence for this trend.

This dosage-dependent increase in the thixotropic response appears 
to contrast with previous studies on OPC-based systems without calcined 
clays, which report a reduction in thixotropy with increasing SP 
adsorption or SP coverage [24,82]. However, Nicia et al. [76] also re
ported an increasing thixotropic structural build-up when using PCEs 
with short side-chains or high anionic charge density. Nevertheless, 
these studies investigated different SP systems and did not consider a 
systematic variation of dosage. Studies on kaolinitic calcined clays 
likewise did not vary the SP dosage: an initial increase in thixotropy with 
calcined clay content was reported in the absence of SP and attributed to 
flocculation driven by the negative surface charge and water affinity of 
the clay rather than to C-S-H bridging [23,40], whereas Curcio and 
DeAngelis [33] observed a slight reduction in thixotropy upon meta
kaolin addition at a fixed SP dosage and Sposito [83] reported thixo
tropic behavior for metamuscovite-blended pastes at a single adjusted 
SP dosage. In the present study, the results are based on the added 
dosage rather than the actual adsorption. Considering the high adsorp
tion capacity of calcined clays, a significant portion of the SP (estimated 
up to ~0.8%bwob) can be bound by the calcined clay itself [30], making 
a complete adsorption likely.

A plausible explanation for this dosage dependence is that two 
contributions to the thixotropic response are superimposed. A dosage- 
independent contribution, referred to here as platelet-based thixot
ropy, is suggested by one observation and one morphological argument 
rather than resolved by a single measure. First, the normalized start-up 
response lies in a similar range across the dosage series (Fig. 8c). Second, 

Fig. 8. Flow chart of cIllE paste with different SP dosages of 52HPEG6 for 70/30 vol% OPC/CC system. Bottom graph shows raw data points and rheometer shear 
profile. Top data was smoothed. a, b and d are normalized to average of the last 5 s interval of shown data points. c is normalized to the corresponding yield stress. 
The y-offset for 0%bwob observed during the rest period before ramp2 does not affect this interpretation, as repeated measurements show comparable torque values 
in ramp2 even in the absence of such an offset.
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the platelet morphology of the calcined clays implies that randomly 
oriented particles have to align before steady flow is reached, a process 
driven by the flow itself rather than by surface forces [84] which is 
therefore not removed by the SP. The second contribution, referred to 
here as flocculation-based recovery, is attributed to the reversible 
re-formation of a colloidal floc network [81], consistent with the short 
recovery times (≤ 14 s). It gains weight as the dispersed baseline de
creases, and the recovery time increases because the larger relative 
undershoot needs longer to fall within the ±1% band (Fig. 8, Section 
2.3.3). The particles thus still form a network at high SP coverage; 
whether PCE adsorption additionally reduces the probability of lasting 
contacts cannot be resolved with the present protocol. The apparent 
increase in thixotropy with dosage therefore reflects a reversible 
contribution that becomes resolvable in the step test [79] rather than a 
stronger structure, which resolves the apparent contrast to super
plasticized OPC pastes, where the floc network is largely removed by 
dispersion [24,44]. The cSmk paste without SP supports this : with the 
lowest yield stress (21.0 Nmm, Table 8), its step response at 20 rpm 
(transient factor − 0.56%, recovery time 2.6 s) lies between those of the 
illitic pastes at 0.2 and 0.3%bwob (Table 9), and thus at the transition 
that the illitic paste reaches only by SP addition. The governing 
parameter therefore appears to be the degree of flocculation rather than 
the SP dosage itself.

This interpretation remains to be verified, but it implies that part of 
the thixotropy in these pastes is revealed rather than induced by the SP, 
and that the morphology-related part is not reduced by a further in
crease in dosage. This must be taken into account when adjusting the SP 
dosage to the mix design.

3.3.2. Residual analysis and emergence of shear thickening
To quantify the deviation from linear Bingham behavior, the re

siduals of the Bingham fits were analyzed as a function of rotational 
speed (Fig. 9). For low SP dosages (0.0–0.2%bwob), the residuals pro
vided no pronounced systematic trend, and the quadratic fit of the re
siduals remains statistically insignificant (R²≤0.388, p ≥ 0.187). In 
contrast, for SP dosages of 0.3%bwob and higher, the residuals exhibit a 
clear and systematic curvature: the Bingham model underestimates the 
torque response at low and high rotational speeds and overestimates it at 
intermediate speeds. This produces a characteristic U-shaped residual 
pattern, which is well captured by a second-degree polynomial fit 
(R²>0.96, p < 10− 4). A weak residual curvature is also visible at lower 
dosages, indicating that the Bingham model is not perfectly adequate 
even in these cases. However, at dosages of 0.3%bwob and higher, the 
pattern becomes markedly more regular and statistically significant. 
Notably, the most pronounced dosage-dependent change occurs at low 
rotational speed, particularly around 20 rpm, whereas the residuals at 
intermediate and high rotational speeds remain comparatively similar. 
This suggests that the emerging non-linearity is mainly governed by 
changes in the low-shear regime. The pronounced change in residuals at 
20 rpm is unlikely to be a measurement artifact caused by incomplete 
thixotropic recovery. Fig. 8b shows that equilibrium is reached within 
the 20 rpm step, especially for high SP dosages. The corresponding re
covery times in Table 9 are at most 14 s, which is well below the step 
duration of 30 s. The corresponding residual shift therefore reflects a 
genuine change in low-shear flow behavior.

This systematic residual structure indicates that the linear Bingham 
model is no longer sufficient to describe the flow behavior at higher SP 
dosages. Instead, the increasing positive curvature of the flow curves 
suggests the emergence of a shear-thickening contribution. This inter
pretation is consistent with earlier work by Cyr et al. [85], who explicitly 
investigated the conditions for the occurrence of shear thickening in 
pastes while varying both the type and dosage of SPs. It is also in line 
with more recent observations on LC3 and systems with a low 
water-to-cement ratio (w/c), where pastes at optimized SP dosage 
exhibited a transition from shear thinning to shear thickening [32,86]. A 
possible explanation for the similarity to low w/c systems is the high 

water adsorption of calcined clays, which reduces the amount of free 
water available for flow [20], causing these systems to behave similarly 
to low w/c pastes. Notably, at a fixed SP dosage, pastes containing 
metamuscovite showed shear thickening, whereas pastes containing 
metakaolin did not [42].

To assess whether the observed trend is limited to the cIllE-52HPEG6 
system or reflects a more general behavior, Fig. 10 compares SP dosage 
with two indicators of non-linear flow behavior across different calcined 
clays and SPs. The p-values shown in Fig. 10b indicate whether the 
deviation from linear Bingham behavior is statistically significant. With 
increasing SP dosage, p-values decrease below the chosen significance 
threshold of 0.03, indicating that non-linear flow behavior becomes 
statistically significant at higher dosage. The flow index n in Fig. 10a 
does not describe the significance of this deviation, but rather its 
magnitude. Here, a general increase in n with dosage can be observed, 
confirming an increasing tendency of the degree of shear-thickening 
behavior. Thus, although the detailed cIllE paste analysis showed no 
strictly monotonic dosage-dependent increase within one individual 
system regarding n and c values (Table 9), the broader dataset reveals a 
clear overall trend: higher SP dosages promote both the occurrence and 
the magnitude of shear-thickening behavior across different calcined 
clay–SP combinations.

Although viscosity parameters obtained from Bingham, modified 
Bingham, and Herschel–Bulkley fits cannot be compared quantitatively, 
the flow-curve analysis and model evaluation indicate that the transition 
toward shear-thickening behavior is associated with reduced viscosity at 
low shear rates. This is of practical relevance for calcined clay systems, 
which require high superplasticizer dosages in any case (Section 3.1). 
Shear thickening is therefore relevant for high-shear applications such as 
pumping, where the required pressure rises disproportionately with 
discharge rate [87], which is not reflected by spread-flow tests. In 

Fig. 9. Residual analysis for Bingham-fit of cIllE paste with different SP dosages 
in 70/30 vol% OPC/CC system with 52HPEG6. Residuals were fitted with a 
second-degree polynomial to show systematic misfit. R² and p-value for the 
quadratic term are displayed. Missing values are due to lack of equilib
rium conditions.
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addition, a sufficiently high viscosity at low shear rates is considered 
essential to limit segregation [88]. Since sedimentation and bleeding 
were not measured directly, the effect of the reduced viscosity on sta
bility remains to be verified.

In summary, while low dosages mainly reduce yield stress as inten
ded, higher dosages increasingly promote a shear-thickening flow 
response. Consequently, high dosages should be applied with caution, as 
they may induce non-linear shear-thickening flow behavior.

3.3.3. Yield stress development and workability retention
The development of yield stress was evaluated over time to further 

assess the practical consequences of SP dosage. Fig. 11a shows the ab
solute yield stress values, while Fig. 11b presents the same data 
normalized to the initial measurement at 10 min. As expected, 
increasing SP dosage strongly reduces the initial yield stress. However, 
the time-dependent evolution reveals a more complex correlation. The 
reference paste without SP and the mixtures with 0.3, 0.4, and 0.5% 
bwob could not be measured beyond 30 min, indicating a rapid stiff
ening. In contrast, the mixtures with 0.1 and 0.2%bwob remained 
measurable up to 120 min. It should be noted that the higher-dosage 
mixtures (0.3–0.5%bwob) could not be followed beyond 30 min due 
to loss of measurability, so their later-time evolution can only be infer
red from the early increase.

The normalized data in Fig. 11b confirm that the relative increase in 
yield stress is not minimized by higher dosages. Rather, the 0.2%bwob 
mixture exhibits a faster increase (2 h, 2.7) in yield stress over time than 
the 0.1%bwob mixture (2 h, 2.2), despite its lower initial value. A 
similar tendency is already visible after 30 min. In particular, the mix
tures with 0.3, 0.4, and 0.5%bwob revealed a relative increase in yield 
stress that is at least 50% higher than that of the reference paste without 
SP. This indicates an initially improved flowability at higher dosages, 
which may simultaneously accelerate the loss of flowability with time 
[22]. Consequently, the dosage that minimizes the initial yield stress is 
not necessarily the dosage that provides the best workability retention.

Flow loss in calcined clay systems is well documented even in the 
presence of PCE SPs [89,90], and simply increasing the dosage is not 
generally recommended because the improvement in workability 
retention is limited and segregation may become a concern. Moghul 
et al. [27,91] showed for superplasticized limestone calcined clay 
cement systems that poor workability retention remains one of the main 
unresolved issues and suggested that reduced effective PCE coverage on 
cement particles may contribute to accelerated early stiffening. This 
does not fully explain the results observed here, since higher dosage 
would be expected to increase adsorption on clinker particles and 
thereby extend the workability window.

One plausible explanation is a lack of reserve SP in the pore solution 
due to early adsorption, but it does not fully explain the accelerated 
time-dependent yield stress increase observed here. An additional 
mechanism may involve dosage-dependent changes in early hydrate 
structuration, especially ettringite-related structuration. Sposito et al. 
[22] reported that increasing phyllosilicate content and soluble 
aluminum ions in calcined clay systems can accelerate ettringite for
mation even in the presence of PCE, while large specific surface area 
enhances flocculation and nucleation. The ettringite formation reduces 
available water content with calcined clays [92].

This interpretation is supported further by literature showing that 
PCE interacts strongly with ettringite surfaces and that ettringite can 
dominate the fresh-state workability of cement suspensions [93]. In 
addition, SPs have been shown to influence ettringite stability and 
morphology, and more recent work indicates that increasing PCE dosage 
can alter the size and specific surface area of early ettringite even when 
the total amount formed changes only slightly [46].

In this context, the present results suggest that the reduced work
ability retention at higher dosage may not be caused solely by the 
absence of free SP, but also by a dosage-dependent modification of early 
hydrate structuration. This may explain why the mechanism proposed 
by [27], based on the available free cement surface, does not fully 
capture the behavior observed here, where increasing dosage still co
incides with faster relative stiffening.

Taken together, the results show that increasing SP dosage in the 
present illitic calcined clay system does not simply improve workability 
(Fig. 12). While higher dosages strongly reduce the initial yield stress, 

Fig. 10. Correlation of SP dosage in 70/30 vol% OPC/CC system for (a) flow 
index n and (b) p-value for the quadratic term of modified Bingham-Model. 
Including different calcined clay samples and SPs. Samples with a p-value 
> 0.03 have an n-value of 1 by definition (see Section 2.3.4).

Fig. 11. Yield stress development over time for cIllE paste with different SP 
dosages of 52HPEG6 in 70/30 vol% OPC/CC system. (a) absolute values, (b) 
relative values compared to initial yield stress at 10 min.
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they are also accompanied by an increasingly dominant flocculation- 
based recovery, the emergence of shear-thickening flow behavior, and 
a faster relative stiffening over time, whereas the hypothesized platelet- 
based thixotropy is not expected to depend on the dosage. Consequently, 
the dosage that minimizes the initial yield stress is not identical to the 
dosage that provides the most robust rheological performance. For the 
present system, moderate dosages therefore appear more favorable than 
high dosages when both initial workability and workability retention are 
considered.

3.4. Concrete flow behavior is governed by static yield stress and shear- 
history effects

Concrete rheometer measurements were considerably more chal
lenging than paste measurements, since reliable measurements with the 
Viskomat XL require concrete mixtures to be in a sufficiently flowable 
state, typically F4 or higher (> 490 mm) [65]. Therefore, only mixtures 
that could be adjusted to high initial flowability were accessible for 
rheological testing. This required comparatively high SP dosages, 
especially for calcined clay concretes with high initial SP demand. For 
several calcined clay–SP combinations, however, increasing the dosage 
did not further improve flowability, as discussed in Section 3.1. As a 
result, mixtures without SP could not be evaluated reliably, nor could 
mixtures below the required flowability range. Time-dependent mea
surements were also not possible, because the samples stiffened rapidly 
and moved outside the reliable measurement window after the initial 
measurement (Fig. 7). The concrete rheometer results are therefore 
restricted to selected initially flowable mixtures and should be regarded 
as indicative rather than as a complete quantitative rheological 
characterization.

Compared with paste measurements, the torque response in concrete 
showed substantially higher scatter, which can be attributed to coarse 
aggregate interactions. Furthermore, in vane-type geometries, a local
ized shear plane may develop outside the rotating tool after a certain 
degree of deformation. In this case, the measured torque does not 
necessarily represent homogeneous deformation of the entire concrete 
volume. Since this behavior was partially observed during the step-down 
sequence, the downward steps were deemed unsuitable for a compara
ble evaluation. The analysis was therefore restricted to the earlier parts 
of the shear profile, namely the pre-shear phase and ramp1. Rheological 
parameters derived from a ramp are particularly sensitive to structural 
breakdown during the ramp. Such pronounced structural breakdown 
was observed for all tested concrete mixtures (Fig. 13), as indicated by 

the high torque response during pre-shear and the subsequent reduction 
(~50%) during ramp1up. Consequently, viscosity and possible apparent 
shear-thickening behavior may be overestimated. For this reason, the 
evaluation was restricted to apparent Bingham parameters from 
ramp1down (Section 2.3.4), and no comparison of alternative flow 
models was conducted.

Despite these limitations, the concrete rheometer measurements 
reveal several qualitative trends. First, the apparent dynamic yield 
stresses calculated from ramp1down are very low, with values of 32 
Nmm or lower for all evaluated mixtures (Table 10). These values 
cannot be compared directly with paste yield stresses due to the different 
rheometer geometry and measurement boundaries. Nevertheless, con
crete values were expected to be much higher than paste values, as ag
gregates are known to increase torque in general [68]. This increase can 
be seen for viscosity, but not for dynamic yield stress. The low dynamic 
yield stresses therefore suggest that the concrete was already strongly 
destructured by the time ramp1down was reached. This interpretation is 
supported by the much higher static yield stresses, which range from 
122 to 262 Nmm and are much higher than the dynamic yield stresses, 

Fig. 12. Schematic illustration for optimal SP dosage in paste with partial substitution of illitic calcined clays.

Fig. 13. Concrete rheometer smoothed torque response for selected 70/30 vol 
% OPC/CC concrete mixtures of pre-shear phase, ramp1 and beginning of step 
profile. Static yield stress was determined as the maximum of the smoothed 
torque signal. SP dosage was according to Fig. 3.

A. Neißer-Deiters et al.                                                                                                                                                                                                                         Construction and Building Materials 547 (2026) 148592 

14 



resulting in dynamic/static yield-stress ratios of only 7–20% (Table 10). 
In paste, by contrast, static and dynamic yield stress are of similar 
magnitude (Fig. 8, bottom). Colloid interactions and therefore SPs are 
known to interact with thixotropy. Some studies report [24,44,82]
reduced thixotropy due to larger interparticle distance and therefore 
reduced van der Waals forces. Other research observed an increased 
thixotropy for SPs with high anionic charge ratio and, subsequently, 
increased static yield stress [47]. High static yield stress in calcined clay 
systems may result from the combination of high SP demand and the 
strong influence of calcined clays on colloidal interactions [23,30]. 
Consequently, the high initial torque during pre-shear and the signifi
cantly lower torque during ramp1down indicate a pronounced depen
dence on shear history [94]. The renewed torque maximum after the 
short 5 s rest period following ramp1 further suggests rapid rebuilding of 
static yield stress. On the one hand, static yield stress is an indicator of 
thixotropy, on the other hand it plays a key role in resistance to segre
gation [9], which may partly compensate the reduced viscosity at low 
shear rates observed in paste (Section 3.3.2). The flow behavior of the 
concretes studied does not appear to be governed solely by the apparent 
dynamic yield stress, but rather by the balance between structural 
breakdown under shear and rapid recovery of static yield stress at rest.

Among the tested mixtures, cSmk concrete with SR-SP shows the 
highest static yield stress, although cSmk was among the least 
demanding calcined clays in the paste and spread-flow investigations. 
This inversion is not necessarily contradictory, since the two parameters 
describe different states [10,81]: superplasticizer demand reflects the 
dispersion required to reach a target flow under shear correlating to the 
dynamic yield stress [95], whereas static yield stress characterizes the 
structure rebuilt at rest. Two explanations can be considered. First, the 
low superplasticizer dosage required for cSmk implies a correspondingly 
low surface coverage, so that particles can approach each other more 
closely at rest and interparticle attraction increases [24]. This would 
raise the static yield stress without necessarily increasing the dynamic 
yield stress measured under shear. Second, a superplasticizer-specific 
effect has to be considered, since PCEs with a high anionic charge 
ratio have been reported to promote thixotropic structuration [76] and 
thereby increase static yield stress. The comparison between cSmk 
concrete with SR-SP and RM-SP is consistent with both explanations and 
indicates a strong effect of the SP type on the concrete response [47]: 
with SR-SP, the static yield stress is about 80 Nmm higher than with 
RM-SP, even though the SR-SP dosage was lower (0.81%bwob for SR-SP 
vs. 1.08%bwob for RM-SP). The two explanations imply opposite dosage 
dependencies, between which the paste results cannot distinguish 
(Section 3.3). Since no characteristics of the two industrial PCEs were 
disclosed by the supplier (Section 2.1.2), their relative contribution 
cannot be resolved for the present system. Although the concrete data 
set is limited and the observed trends should be confirmed by further 
investigations, the results provide useful insight into the governing 
mechanisms. Overall, the concrete measurements indicate that flow 
behavior of calcined clay containing binders in concrete is governed not 
only by calcined clay type, but also by shear history, static yield stress, 
and the specific calcined clay–SP combination.

4. Conclusion

This study investigated the influence of 2:1 phyllosilicate-dominated 
calcined clay types, superplasticizer type, and superplasticizer dosage on 
the early (2 h) flow behavior of 70/30 vol% OPC/CC systems in paste, 
mortar, and concrete using spread flow and rheometer measurements. 

• Superplasticizer demand is governed by the calcined clay type, not 
by the superplasticizer used, and its general ranking (illite > smec
tite/illite mixture > smectite) largely transfers from paste to con
crete; high dosages were required in all systems.

• Yield stress differences between the calcined clays at constant solid 
volume fraction originated from colloidal interactions, for which 
zeta potential is a relevant but not exclusive parameter. Seemingly 
similar calcined clays can therefore behave substantially differently 
in cementitious systems.

• In paste, workability retention deteriorated with superplasticizer use 
itself: 60–80% of the initial flow-resistance reduction dissipated 
within 2 h, and superplasticized pastes stiffened relatively faster 
than their superplasticizer-free references. These retention differ
ences did not transfer to mortar and concrete, where most mixtures 
lost flowability after ~30 min regardless of clay type, super
plasticizer, or dosage.

• With increasing superplasticizer dosage, the pastes transitioned from 
Bingham-type to non-linear flow: at ≥ 0.3%bwob, statistically sig
nificant shear thickening was observed in the residual analysis of the 
step-equilibrium data.

• Based on the transient analysis of the step responses, the 
flocculation-based recovery remained of similar absolute magnitude 
but became increasingly dominant as the yield stress decreased, 
which lengthened the recovery time. The superplasticizer thus re
veals rather than induces thixotropy. A dosage-independent, 
platelet-based contribution was suggested but could not be verified 
within the present protocol.

• The dosage providing the highest initial flowability did not provide 
the most stable rheological performance: high dosages accelerated 
the relative yield-stress increase and impaired workability retention. 
For calcined clay systems, moderate superplasticizer dosages there
fore may offer the better balance between initial workability, 
retention, and linear flow behavior.

• In concrete, flow behavior was governed by static yield stress and 
shear history: dynamic values reached only 7–20% of the static level, 
reflecting rapid structural rebuilding at rest. The smectitic calcined 
clay — despite the lowest superplasticizer demand in paste — 
showed the highest static yield stress in concrete and a pronounced 
superplasticizer-type dependency, and some clay–superplasticizer 
combinations proved incompatible, with flow remaining unrespon
sive to further dosage increases.

Future research should address the effect of high superplasticizer 
dosages on non-linear flow behavior and distinguish whether the rapid 
flow loss originates from superplasticizer adsorption on the calcined clay 
or from an accelerated early hydration of the system.

Table 10 
Rheological parameters of concrete rheometer measurements. Yield stress and viscosity are calculated from a Bingham fit to ramp1down (Section 2.3.4). SP dosage is 
according to Fig. 3.

concrete
yield stress 
(ramp1down)

static yield stress dynamic/static yield stress ratio
viscosity 
(ramp1down)

integral 
(ramp1up)

integral 
(ramp1down = flow resistance)

Hyst1

​ Nmm Nmm % Nmm/rpm Nmm*rpm Nmm*rpm -
cIllA SR-SP 24.1 122 20 13.84 1228 619 0.504
cSmk SR-SP 32.0 262 12 17.87 1942 802 0.413
cSmk RM-SP 12.5 183 7 18.02 1255 711 0.566
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