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To clarify the influence of shear history and testing protocol on the rheological characterization of cement paste, two 
representative dynamic shear protocols, namely linear dynamic shear testing (LDST) and stepwise dynamic shear testing 
(SDST), were applied under varying maximum shear rates. The shear stress–time and shear stress–shear rate responses were 
analyzed to evaluate the dynamic yield stress, plastic viscosity, and thixotropy of cement paste. The results show that both 
protocols exhibit generally consistent rheological evolution characterized by typical hysteresis behavior, indicating good 
comparability between the two dynamic shear methods. However, the measured rheological parameters exhibit different 
sensitivities to shear history. The dynamic yield stress shows noticeable dependence on the preset maximum shear rate 
and shear protocol, suggesting that it should be regarded as a shear-history-dependent apparent parameter rather than an 
intrinsic material constant. In contrast, the plastic viscosity obtained from the Herschel–Bulkley model remains relatively 
insensitive to the shear path, indicating good robustness of viscosity characterization under different dynamic loading modes. 
The thixotropic loop area increases significantly with increasing maximum shear rate and exhibits a regime-dependent 
response to the shear protocol. The essential difference between LDST and SDST lies in the structural evolution process 
during dynamic shearing. LDST emphasizes continuous structural disruption under non-equilibrium conditions, whereas 
SDST allows partial structural adjustment during discrete shear stages. The findings suggest that caution should be exercised 
when directly comparing dynamic yield stress values obtained using different rheological procedures and provide guidance 
for selecting appropriate dynamic shear protocols for cement-based materials.

INTRODUCTION

	 Cement-based materials are among the most wide-
ly used construction materials and have experienced 
rapid development in applications such as super high-rise 
buildings, long-distance pumping, intelligent construc-
tion, and highly flowable concrete [1–4]. The rheological 
properties of these materials in the fresh state play a de-
cisive role in construction quality, pumping stability, 
and structural performance [5–6]. As the fundamental 
constituent of cement-based materials, cement paste 
exhibits complex rheological behavior governed by inter- 
particle interactions, hydration processes, and the for-
mation and breakdown of flocculated structures [7–8]. 
Consequently, cement paste presents pronounced nonli-
nearity, yield stress behavior, and time-dependent cha-
racteristics [9].
	 Traditional workability tests, such as slump flow 
measurements, can provide approximate evaluations of 
yield stress and plastic viscosity. However, these me-
thods are essentially empirical and cannot accurately 
characterize rheological behavior under controlled 

shear conditions [10–11]. In contrast, rheometers enable 
quantitative characterization of shear stress–shear rate 
relationships under predefined loading paths, thereby 
allowing systematic evaluation of yield stress, viscosity, 
and thixotropy as well as the structural evolution of fresh 
cement-based materials during flow [12–14]. Therefore, 
rheometer-based measurements have become one of the 
primary approaches for rheological characterization.
	 Dynamic shear rheological testing is widely used 
for evaluating the rheological behavior of cement-ba-
sed suspensions, in which dynamic yield stress, plastic 
viscosity, and thixotropy are key indicators of flowability 
and structural stability [15–16]. A typical rheological 
procedure generally includes preshear, resting, and 
dynamic shear stages. The preshear stage is introduced 
to minimize previous shear history and establish a repro-
ducible initial condition, whereas the dynamic shear stage 
is used to evaluate rheological responses under varying 
shear rates. Depending on the loading mode, different 
shear protocols can be employed, including constant, 
linear, logarithmic, and stepwise shear programs [17–
18].
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	 Previous studies have demonstrated that rheological 
measurements are strongly affected by testing procedures. 
Feng et al. [19] reported that increasing preshear intensity 
promotes structural breakdown and reduces rheological 
resistance. Alonso et al. [20] adopted a linear shear pro-
tocol to investigate the compatibility between cement 
and polycarboxylate superplasticizer, whereas Rajadurai 
et al. [22] employed a stepwise shear protocol to evaluate 
the rheological behavior of cementitious suspensions. 
Similarly, Zhang et al. [23] and González-Taboada et al. 
[24] used stepwise loading procedures to characterize 
self-compacting concrete systems. These studies indicate 
considerable variation in both shear loading modes and 
maximum shear rates used in rheological measurements.
	 Despite extensive rheological investigations on 
cement-based materials, the protocol dependence of 
rheological parameters obtained from dynamic shear 
testing remains insufficiently understood. In particular, 
whether parameters such as dynamic yield stress and 
plastic viscosity should be interpreted as intrinsic material 
properties or as shear-history-dependent apparent para-
meters remains an open question. Different dynamic 
shear protocols impose different structural evolution 
paths during testing, which may alter the transient ba-
lance between structural breakdown and structural re-
arrangement within cement paste. Consequently, even 
for identical material systems, differences in shear 
loading history may influence the measured rheological 

response and limit the comparability of rheological data 
reported in the literature.
	 To address this issue, two representative dynamic 
shear protocols, namely linear dynamic shear testing 
(LDST) and stepwise dynamic shear testing (SDST), 
were systematically compared under different maxi-
mum shear rates using the same cement paste system. 
Particular attention was given to the protocol dependence 
and robustness of dynamic yield stress, plastic viscosity, 
and thixotropy. The findings aim to clarify the role of 
shear history in rheological characterization and provide 
guidance for selecting suitable dynamic shear procedures 
for cement-based materials.

EXPERIMENTAL

Materials

	 The cement used in this study was P·I 42.5 refe-
rence cement produced by Fushun Cement Co., Ltd., con-
forming to the requirements of GB 175-2023 Common 
Portland Cement. The chemical composition and physi-
cal properties of the cement are presented in Tables 1 
and 2, respectively. Based on the chemical composition 
shown in Table 1, the approximate mass fractions of the 
main clinker mineral phases were estimated using the 
Bogue calculation method as follows: C3S = 46.90 %, 
C3A = 7.27 %, C2S = 25.83 %, and C4AF = 12.40 % [25]. 
It should be noted that the Bogue method provides only 
a theoretical estimation based on oxide composition, and 
the calculated values may differ from the actual clinker 
mineral composition due to the influence of minor con-
stituents and production conditions. The particle size 
distribution of the cement is shown in Figure 1. The me-
dian particle size (D50) is 17.80 μm, indicating a typical 
medium-fine particle size distribution.
	 The mortar strength values were provided by the 
manufacturer according to GB/T 17671.

Experimental methods

	 This study aims to investigate the influence of preset 
dynamic shear protocols on the rheological properties 
of cement paste. To eliminate the effect of material 
composition, all tests were conducted using an identical 

Table 1.  Chemical composition of cement (wt. %).

Component	 Na2O	 MgO	 Al2O3	 SiO2	 SO3	 K2O	 CaO	 TiO2	 Fe2O3	 LOI

Content	 0.26	 3.05	 4.70	 21.32	 3.08	 0.58	 62.33	 0.30	 3.07	 1.32

Table 2.  Physical properties of cement.

	Density	 Specific surface	                  Setting time (min)	                    Mortar strength (MPa)	 Water demand for
	(g∙cm-3)	 area (m2∙kg-1)	 initial	 final	 3d	 28d	 standard consistency (%)

	 3.14	 356	 213	 285	 30.0	 43.5	 26.8

Figure 1.  Particle size distribution of cement.
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mix proportion with a fixed water-to-cement ratio of 
0.40. On this basis, the effects of shear loading paths and 
maximum shear rates on rheological parameters were 
systematically evaluated. The detailed procedures are 
described as follows.

Rheological testing protocol
	 The dynamic shear rheological test consists of three 
stages: preshear, resting, and dynamic shear. During 
the preshear stage, a constant shear rate of 100 s⁻¹ was 
applied for 30 s to minimize the shear history introduced 
during mixing and sample loading, thereby establishing 
a reproducible initial structural state. This was followed 
by a resting period of 30 s to allow partial structural re- 
covery and ensure consistent initial conditions for sub- 
sequent measurements. The dynamic shear stage includes 
both ascending and descending shear rate processes to 
obtain the complete rheological response. Two represen-
tative shear protocols were employed: a linear dynamic 
shear test (LDST) and a stepwise dynamic shear test 
(SDST), as illustrated in Figure 2.
	 For the linear protocol, the shear rate increased 
continuously from 0.1 s⁻¹ to the preset maximum shear 
rate (10, 50, 100, 150, and 200 s⁻¹) over 210 s during 
the ascending stage, and then decreased linearly back 
to 0.1 s⁻¹ over the same duration during the descending 
stage. For the stepwise protocol, the shear rate increased 
stepwise over the same range and duration, with each 
shear level maintained for 20 s. The descending stage 
followed the same stepwise pattern.
	 In both protocols, 40 and 20 data points were 
recorded during the ascending and descending stages, 
respectively, to ensure sufficient resolution for curve 
fitting. For clarity, the test groups are denoted as “proto-
col–maximum shear rate”, where LDST-γ and SDST-γ 
represent the linear and stepwise protocols, respectively, 
and γ denotes the preset maximum shear rate (s⁻¹).

Rheological measurement procedure
	 All experiments were conducted under controlled 
conditions (temperature: 20 ± 2 °C; relative humidity: 
>50 %) to minimize environmental effects on rheologi-
cal measurements. The cement paste was prepared using 
a double-rotation, double-speed mixer in accordance 
with JC/T 729-2005.
	 The mixing procedure was as follows. First, 200 g 
of water was added to the mixing bowl, followed by 
500 g of cement. The mixture was stirred at low speed for 
120 s to ensure adequate wetting and initial dispersion of 
cement particles. After a 15 s pause to remove material 
adhering to the blades and container walls, the paste was 
mixed at high speed for an additional 120 s to improve 
homogeneity.
	 Immediately after mixing, the paste was transferred 
to the rheometer to minimize the effects of hydration 
and structural evolution. A coaxial cylinder geometry 
equipped with a vane rotor was used to enhance mea-
surement stability and reduce wall slip in the highly 
concentrated suspension system. Based on the predefi-
ned shear protocols (LDST and SDST), shear stress–
shear rate and shear stress–time data were obtained for 
subsequent analysis.

Determination of rheological parameters
	 Previous studies have demonstrated that the Bing-
ham model, modified Bingham model, and Herschel–
Bulkley (H–B) model can all be used to describe the 
rheological behavior of cement-based materials. Among 
these, the H–B model accounts for both yield stress and 
nonlinear shear behavior, providing a better fit to the 
shear stress–shear rate relationship of cement paste [26]. 
Therefore, the H–B model was adopted in this study for 
data fitting.
	 To reduce the influence of structural rebuilding 
during testing, the descending branch of the dynamic 

Figure 2.  Schematic illustration of the linear dynamic shear test (LDST) and stepwise dynamic shear test (SDST) protocols.

a) Linear dynamic shear test b) Stepwise dynamic shear test
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shear curve was used for fitting. Compared with the as- 
cending branch, the descending branch represents a re- 
latively stable rheological response after extensive struc-
tural disruption during shearing, thereby better reflecting 
the residual flow state established under dynamic loading 
conditions.
	 The H–B model is expressed as follows:

(1)

where γ is the shear rate (s⁻¹), τ is the shear stress (Pa), τ0 
is the yield stress (Pa), ω is the consistency index (Pa·sⁿ), 
and n is the flow index. When n > 1, the fluid exhibits 
shear-thickening behavior; when n < 1, it exhibits shear-
thinning behavior; and when n = 1, the fluid behaves as 
a Bingham fluid.

RESULTS AND DISCUSSION

Linear and stepwise dynamic
rheological curves

	 The dynamic rheological curves obtained from 
LDST and SDST exhibit generally similar evolution 
characteristics. During the ascending stage, the shear 
stress increases rapidly with increasing shear rate. 
After reaching the maximum shear level, the shear 
stress gradually decreases during the descending stage, 
forming a typical hysteresis loop associated with struc-
tural breakdown and recovery.
	 This behavior reflects the progressive transition of 
cement paste from a structure-dominated state to a flow- 
dominated state during shearing. Fresh cement paste 
is a concentrated suspension system in which cement 
particles form a three-dimensional flocculated network 
through van der Waals attraction, electrostatic interac-
tion, and mechanical interlocking [27–28]. At relatively 
low shear rates, the increasing hydrodynamic force 
progressively overcomes interparticle interactions, resul- 

ting in rapid breakdown of the flocculated structure and 
pronounced shear-thinning behavior.
	 As the shear rate continues to increase, the rates 
of structural disruption and structural rearrangement 
gradually approach a transient balance, and the rheo-
logical response enters a relatively stable flow regime. 
Consequently, the rate of increase in shear stress becomes 
less pronounced at higher shear rates. Comparison bet-
ween LDST and SDST indicates that the overall evo-
lution trends of the shear stress–time curves remain 
generally similar under identical testing conditions. 
Only slight differences can be observed in specific 
shear regions, which are associated with differences in 
the imposed shear history. In SDST, the holding period 
at each shear level allows partial structural adjustment 
before entering the next loading stage, whereas LDST 
imposes continuously varying shear conditions without 
interruption.
	 Further comparison between the two protocols 
reveals that the transient shear stress responses remain 
generally comparable under identical testing conditions, 
although slight protocol-dependent variations can be 
observed depending on the maximum shear rate. At 
relatively low maximum shear rates (50 and 100 s⁻¹), 
SDST produces slightly higher peak shear stresses than 
LDST, whereas the opposite tendency is observed at 
higher shear rates (150 and 200 s⁻¹). Overall, however, 
the differences between the two protocols remain limited, 
indicating good comparability between LDST and SDST 
for the investigated cement paste system.
	 The essential difference between LDST and SDST 
lies in the temporal evolution of shear history during 
dynamic shearing. In LDST, the continuously varying 
shear rate imposes non-equilibrium loading conditions 
under which the flocculated structure undergoes persis-
tent disruption without sufficient time for structural re-
laxation. In contrast, SDST introduces holding periods at 
discrete shear levels, allowing partial structural adjust-

Figure 3.  Comparison of shear stress–time curves obtained 
from the linear dynamic shear test (LDST) protocols.

Figure 4.  Comparison of shear stress–time curves obtained 
from the stepwise dynamic shear test (SDST) protocols.

τ = τ
0
 + ω γn
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ment during shearing. Therefore, the slight differences 
observed between LDST and SDST primarily originate 
from differences in structural evolution pathways during 
dynamic loading.

Dynamic yield stress

	 The shear stress–shear rate relationships obtained 
under different dynamic shear protocols are presented 
in Figs. 5 and 6. Under all testing conditions, the ce-
ment paste exhibits typical shear-thinning behavior, as 
evidenced by the progressively reduced slope of the 
shear stress–shear rate curves with increasing shear rate.
	 In addition, the rheological curves obtained under 
different preset maximum shear rates do not overlap. 
Instead, the curves gradually shift downward with in- 
creasing maximum shear rate. This phenomenon indi-
cates that the rheological response of cement paste 

exhibits measurable shear-history dependence. Higher 
preset maximum shear rates promote more extensive 
structural dispersion during shearing, thereby reducing 
the flow resistance during subsequent deformation at the 
same shear rate.
	 The descending branches of the dynamic rheological 
curves were fitted using the Herschel–Bulkley model, 
and the correlation coefficients exceeded 0.99 under 
all test conditions, indicating that the H–B model 
adequately describes the nonlinear rheological behavior 
of the investigated cement paste. 
	 It should be emphasized that the present yield stress 
values were obtained from the descending branch after 
extensive dynamic shearing and therefore reflect the 
residual structural state established during flow rather 
than the initial static structure of the paste.
	 As shown in Figure 7, the apparent dynamic yield 
stress increases moderately with increasing preset maxi- 
mum shear rate for both LDST and SDST. This increase 
should not be interpreted as strengthening of the 
original flocculated structure. Instead, it likely reflects 
modifications in the residual structural configuration 
established after high shear loading. One possible ex-
planation is that, although the original flocculated net- 
work is substantially disrupted during high shear, ce-
ment particles may rearrange into relatively compact 
residual configurations during the descending stage. 
Consequently, a slightly higher stress may be required to 
reinitiate flow at low shear rates after dynamic loading.
	 Comparison between LDST and SDST shows that 
the apparent dynamic yield stresses obtained under the 
two protocols remain generally comparable, although 
slight protocol-dependent variations can still be observed 
under different shear regimes. These differences remain 
relatively limited overall, indicating that the influence of 
dynamic shear protocol on yield stress is moderate for 
the investigated cement paste system.Figure 5.  Shear stress–shear rate curves under the linear shear 

protocol.

Figure 6.  Shear stress–shear rate curves under the stepwise 
shear protocol.

Figure 7.  Shear stress–shear rate curves under the linear shear 
protocol.
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	 More importantly, the present results indicate that 
the measured dynamic yield stress should not be inter-
preted as a unique intrinsic material constant. Instead, it 
represents a shear-history-dependent apparent parameter 
associated with the transient structural state established 
during dynamic loading. Therefore, caution should be 
exercised when directly comparing dynamic yield stress 
values obtained using different rheological procedures.

Plastic viscosity

	 Since the H–B model does not directly provide 
plastic viscosity, Larrard D. F. et al. [30] proposed 
that an equivalent plastic viscosity (µ) can be derived 
from the consistency index (ω) and the flow index (n). 
The rheological fitting parameters obtained from the 
Herschel–Bulkley model are summarized in Table 3. 
	 The flow index n remains consistently lower than 1 
under all testing conditions, indicating that the cement 
paste behaves as a typical shear-thinning fluid throughout 
the investigated shear range. With increasing maximum 
shear rate, the consistency index ω gradually decreases, 
reflecting reduction in the overall rheological resistance 
of the suspension. Meanwhile, the flow index n initially 
decreases and subsequently tends toward stabilization, 
suggesting gradual transition from a flocculation-domi-
nated structure toward a more dispersed particle system.

	 The equivalent plastic viscosity calculated using 
Equation (2) is shown in Figure 8. Under the same 
maximum shear rate, only minor differences are observed 
between the viscosities obtained from LDST and SDST. 
This observation indicates that plastic viscosity is 
considerably less sensitive to shear history than dynamic 
yield stress [31].

(2)

	 Further analysis shows that the equivalent plastic 
viscosity decreases significantly with increasing maxi-
mum shear rate. The most pronounced reduction occurs 
within the low shear region between 10 and 50 s⁻¹, whe-
reas the decrease becomes more gradual above 100 s⁻¹.
	 From a physical perspective, this trend is associated 
with progressive disruption of the flocculated structure 

and release of water entrapped within particle clusters 
during shearing, which enhances lubrication between 
particles and reduces flow resistance. At relatively high 
shear rates (>100 s⁻¹), the cement paste approaches 
a relatively dispersed flow condition, and further in-
creases in shear rate produce comparatively limited 
changes in interparticle interactions. Consequently, the 
viscosity gradually approaches a quasi-stable value.
	 It should also be noted that the equivalent plastic 
viscosity derived from the H–B model is mathematically 
dependent on the selected shear rate range, particularly 
the upper integration limit γmax. Therefore, the decrease 
in viscosity with increasing maximum shear rate reflects 
the combined effects of structural evolution and the 
mathematical characteristics of the viscosity calculation.
	 Although the viscosity varies with the preset maxi-
mum shear rate, the differences between LDST and 
SDST under identical shear conditions remain relatively 
limited. This observation indicates that the equivalent 
plastic viscosity exhibits considerably better robustness 
and comparability than dynamic yield stress under diffe-
rent dynamic shear procedures.
	 Therefore, compared with dynamic yield stress, 
plastic viscosity may serve as a more reliable rheological 
parameter for comparing cement paste systems tested 
under different dynamic loading histories.

Thixotropy

	 Under dynamic shear conditions, the flocculated 
network structure formed by interparticle interactions 
within cement paste is progressively disrupted. When 
the shear rate decreases, these interactions may partially 
recover, resulting in time-dependent structural rebuilding 
and viscosity recovery. This phenomenon is commonly 
referred to as thixotropy [32].
	 The hysteresis loop method is widely used to eva-
luate thixotropic behavior. The area enclosed between 
the ascending and descending branches of the shear 

Table 3.  Fitting results of flow index (n) and consistency index 
(ω).

	Maximum		                Shear protocol
	shear rate	                  linear		                  stepwise
	 (s−1)	 Ω (Pa·sn)	 n	 Ω (Pa·sn)	 n
	 10	 4.19 	 0.67	 4.34	 0.65
	 50	 4.69 	 0.49	 4.54	 0.51
	 100	 4.28 	 0.49 	 3.44	 0.55
	 150	 3.98 	 0.50 	 3.28	 0.54
	 200	 3.55 	 0.51 	 3.65	 0.50

µ =             γ
max

3
 ω

n + 2

n−1

Figure 8.  Plastic viscosity.
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stress–shear rate curve quantitatively reflects the extent 
of structural breakdown and delayed structural recovery 
during shearing. Figure 9 illustrates a typical thixotropic 
loop, in which the ascending branch and descending 
branch are indicated using directional arrows.

	 As shown in Figure 10, the thixotropic loop area 
obtained from both LDST and SDST increases signifi-
cantly with increasing maximum shear rate. This trend 
indicates that higher shear rates lead to more extensive 
structural disruption and more pronounced hysteresis 
effects.
	 When the maximum shear rate approaches appro- 
ximately 100 s⁻¹, the increase in loop area becomes 
more evident, suggesting transition from partial struc-
tural disruption toward more extensive breakdown of 
the flocculated network. At relatively low shear rates 
(<100 s⁻¹), part of the original flocculated structure re-
mains preserved, and the overall structural damage is 
relatively limited. In contrast, at higher shear rates, the 

flocculated structure undergoes more extensive dis-
ruption, while structural recovery during the descending 
stage becomes increasingly delayed, resulting in larger 
thixotropic loop areas.
	 At the same maximum shear rate, the differences 
in thixotropic loop area between LDST and SDST 
remain relatively limited overall. However, a noticeable 
regime-dependent trend can still be observed. When 
the maximum shear rate is lower than 100 s⁻¹, LDST 
generally produces slightly larger hysteresis loop areas 
than SDST. This behavior suggests that continuously 
varying shear conditions may promote more irreversible 
structural disruption during low-shear loading.
	 In contrast, when the maximum shear rate exceeds 
100 s⁻¹, SDST tends to exhibit slightly larger loop areas 
than LDST. This behavior may be associated with 
additional structural adjustment occurring during the 
holding periods introduced in SDST, which can con-
tribute to greater cumulative hysteresis during subse-
quent loading and unloading.
	 Overall, the influence of shear protocol on thixo-
tropy is strongly dependent on the shear regime. At 
relatively low shear rates, continuously varying shear 
conditions in LDST promote more irreversible structural 
disruption, whereas at higher shear rates the holding 
periods introduced in SDST enhance delayed structural 
recovery effects.
	 Therefore, the protocol dependence of thixotropy 
primarily originates from differences in the structural 
evolution pathway during dynamic shearing rather than 
from intrinsic differences in material composition.

CONCLUSIONS

	 To investigate the influence of dynamic shear histo- 
ry on the rheological characterization of cement paste, two 
representative dynamic shear protocols, namely LDST 
and SDST, were systematically compared under different 
maximum shear rates. Based on the experimental results, 
the following conclusions can be drawn:
●	Both LDST and SDST exhibit generally consistent 

rheological evolution characterized by typical hyste-
resis behavior associated with structural breakdown 
and recovery. The overall differences between the 
two protocols remain limited, indicating good com-
parability of the rheological responses obtained using 
the two dynamic shear procedures.

●	The apparent dynamic yield stress exhibits measurable 
dependence on both the preset maximum shear rate and 
the dynamic shear protocol. Therefore, the measured 
yield stress should be regarded as a shear-history-de-
pendent apparent parameter rather than an intrinsic 
material property, and caution should be exercised 
when directly comparing yield stress values obtained 
using different rheological procedures.

Figure 9.  Typical thixotropic loop.

Figure 10.  Thixotropic loop area.
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●	The equivalent plastic viscosity decreases with increa-
sing maximum shear rate but remains relatively in-
sensitive to the dynamic shear protocol, indicating 
that plastic viscosity exhibits better robustness and 
comparability than dynamic yield stress under different 
loading histories.

●	The thixotropic loop area increases significantly with 
increasing maximum shear rate and exhibits regime-
dependent sensitivity to the dynamic shear protocol. 
The essential difference between LDST and SDST 
originates from differences in the structural evolution 
pathway during dynamic shearing. From a practical 
perspective, LDST is more suitable for rapid compa-
rative rheological characterization, whereas SDST is 
more appropriate for investigating transient structu-
ral evolution and thixotropic behavior under discrete 
shear stages. Since the present study focused on 
a single cement paste system with fixed composition, 
further investigations considering water-to-cement ra-
tio, admixtures, particle fineness, and environmental 
conditions are necessary to establish more generalized 
conclusions regarding protocol-dependent rheological 
behavior.
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