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Exploring the influence of water film thickness on the yield
stress of cement-limestone pastes: a comprehensive analysis
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Abstract: This study delves into the influence of water film thickness (WFT) on the rheological characteristics,
particularly the yield stress, of cement paste incorporating limestone powder. Employing an Anton Paar
MCR 102 rheometer, precise measurements of both the static and dynamic yield stress were conducted.
Artificial neural networks (ANN) were then applied to explore the relationship between WFT and yield
stresses. The findings reveal an approximate linear growth pattern in the shear stress-shear rate profile of
cement-limestone paste, with an intensified shear thickening observed as limestone powder content increases.
The augmentation of limestone powder and specific surface area notably enhances both static and dynamic
yield stresses, with the latter reaching 70.26 Pa in the case of a paste containing 50% Class III limestone
powder (1088 m2/kg). The WFT of cement-limestone paste particles is contingent on the ratio of solid
particle packing density to total specific surface area, exhibiting an increase with rising solid particle packing
density. Both static and dynamic yield stresses exhibit a negative correlation with WFT. Artificial neural
networks demonstrate efficacy in predicting static and dynamic yield stresses based on mix ratio parameters
and WFT, with a higher prediction accuracy for static yield stress, reflected in an R? value of 0.9745.
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1. Introduction

Fresh cement paste constitutes a sophisticated multiphase suspension system [1]. Owing
to ongoing hydration processes, the rheological attributes of the cement paste are dynamic,
exhibiting alterations over time, notably characterized by an increase in parameters such as
yield stress and viscosity [2—6]. Preliminary to the onset of initial setting, a rheometer can be
employed to assess the rheological properties of the cement paste. The yield stress is typically
categorized into dynamic and static components [7, 8]. The former denotes the stress required
to sustain the paste in a flowing state, while the latter signifies the minimum stress necessary
for transitioning the paste from a static to a flowing state. In concert with the burgeoning field
of 3D printing technology, it is underscored that the paste must possess commendable static
and dynamic yield stresses [9, 10]. Static yield stress ensures the paste’s resilience against
pressure from the superimposed layers post-extrusion, preventing deformation. Simultaneously,
dynamic yield stress is pivotal in averting paste blockages during transportation, especially
through pumping. Excessive dynamic yield stress could lead to heightened stress requirements
for maintaining paste flow, potentially causing local paste adhesion to the pipeline’s inner
surface, thereby impeding pumping efficiency [11-13].

To quantify the yield stress of cementitious materials, two predominant testing method-
ologies are commonly employed: one involves utilizing flow curves and specific rheological
models for fitting rheological parameters, while the other entails applying a constant low shear
rate through an external force to measure the stress peak of the paste [14—16]. Beyond flow
characteristics, the viscoelasticity of freshly mixed paste holds significance. Viscoelasticity,
distinguished from flow testing, necessitates applying alternating stress to the paste and
recording parameters such as storage modulus (G”), loss modulus (G”’), and phase angle during
oscillation [17, 18]. These parameters facilitate the analysis of whether the paste predominantly
exhibits viscous or elastic behavior at a given moment. The elastic modulus further character-
izes the extent of paste deformation under external forces and its recovery after force removal.
Rooted in the cement hydration mechanism, the yield stress and viscoelastic properties of
the slurry hinge upon the interplay between colloidal particles and the overlapping effects
of C—S-H bridges engendered by hydration [3, 19,20]. A profound understanding of these
properties offers crucial insights for comprehending the early performance of cement slurries.

Cement, a globally ubiquitous building material, serves as a binder in concrete systems,
effectively uniting coarse aggregates, fine aggregates, and other components into a cohesive
whole, ensuring the overall multiphase system possesses sufficient strength for engineering
applications. While Portland cement (PC) remains the predominant clinker in use, its production
contributes significantly to carbon emissions [21-24]. The calcination of limestone in the
cement manufacturing process releases carbon dioxide, and this process entails substantial
energy consumption. Studies indicate that carbon emissions associated with cement production
constitute 6—8% of the world’s total anthropogenic carbon emissions, a substantial environ-
mental concern [25-27]. Consequently, scholars advocate exploring alternative supplementary
cementitious materials to mitigate cement consumption. Limestone powder, a representative
supplementary material, enhances the particle size distribution of the overall system, enabling
finer particles to fill the interstices among coarser particles [28—30]. This reduces the need for
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water to fill pores, as excess water can envelop particle surfaces, forming a lubricating film that
facilitates particle sliding, thereby enhancing the rheological properties of the paste.

Packing density pertains to the proportion of space occupied by the filling material,
a parameter influenced by factors such as particle shape and size distribution [31,32]. When
considering cement, supplementary cementitious materials (SCMs) particles, and flowing
water as distinct systems within the paste, the ratio between them significantly impacts paste
fluidity. Water in the paste serves distinct functions, categorized into chemically bound water,
a product of the cement reaction, and free water, which, in turn, includes filling water and
residual water. The quantity of residual water constitutes a crucial parameter affecting paste
fluidity, posing a challenge in precise calculation [33—37]. The introduction of the water film
thickness theory aims to address these challenges. Incorporating the concept of water film
thickness into the analysis of cement paste yield stress offers a clearer and more profound
understanding of the paste’s rheological properties.

This study involved quantifying particle packing density through standard consistency
water consumption, and determining water film thickness based on the aggregate particle
surface area. Concurrently, a rheometer was employed to measure both static and dynamic
yield stresses in the cement limestone powder paste. Subsequently, contemporary machine
learning techniques were applied to analyze the interrelation between water film thickness and
yield stress. This endeavor aspires to furnish a theoretical and empirical foundation for a more
profound comprehension of the evolution of yield stress in cement limestone powder.

2. Materials and experimental procedure

2.1. Materials and mix proportions

Portland cement (P-1 42.5) is provided by China United Cement Group Co., Ltd. Its
specific surface area is 340 m?/kg. The limestone powder, exhibiting a CaCOj purity of 99%,
was categorized into three specific surface area levels: 389, 756, and 1088 mz/kg, denoted
as L-1I, L-II, and L-III. The density of Portland cement is 1.4 g/cmz, while the densities of
the three limestone powders are 2.7 g/cm?, 2.25 g/cm?, and 1.98 g/cm?, respectively. The
experimental mix proportions, detailed in Table 1, involved varying the substitution rate of
limestone powder from 10% to 50%. Three types of limestone powder with distinct specific
surface areas were introduced to investigate the alterations in yield stress within the composite
paste under different particle size distributions.

2.2. Testing methods

2.2.1. Rheology

An Anton Paar MCR 102 rheometer was employed to assess the yield stress of the fresh
cement-limestone paste. Dynamic yield stress was determined through the flow curve of shear
stress-shear rate, while static yield stress was ascertained via the stress growth mode at low
shear rates. Initially, the powder and water were weighed according to the mix ratio outlined in
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Table 1, followed by rapid mixing using a cement paste mixer for 5 minutes. Subsequently, the
resulting paste was placed into the rheometer cylinder for testing, involving a step-up every 5
seconds with a rate increase from 20 s~! to 100 s~!, followed by a decrease in the same manner.
This testing protocol, depicted in Fig. 1, spanned a total duration of 45 seconds, with the data
utilized for calculating dynamic yield stress obtained from the shear rate decrease segment.

Table 1. Mix proportions of cement-limestone pastes

Sample Mix proportion (wt.%) wib
PC Limestone

P100 100 0 0.4
P90L10-I 90 10 0.4
P80L20-I 80 20 0.4
P70L30-I 70 30 0.4
P60L40-1 60 40 0.4
P50L50-I 50 50 0.4
POOL10-I1 90 10 04
P8OL20-I1 80 20 0.4
P70L30-I1 70 30 0.4
P60LA40-11 60 40 0.4
P50L50-1I 50 50 0.4
P9OL10-1IT 90 10 0.4
P8OL20-I1I 80 20 04
P70L30-111 70 30 0.4
P60L40-111 60 40 0.4
P50L50-11T 50 50 0.4

The rheological behavior of cement-limestone paste was described using a modified
Bingham model expressed as Eq. (2.1). Where, 1 represents the dynamic yield stress, u
denotes the plastic viscosity (Pa-s), and ¢ stands for the second-order parameter (Pa-s?) [38].

2.1 T =To+/1y+cy2

The static yield stress of the composite paste is tested by applying a stress with a shear rate of
0.01 s~!. Each test point was recorded every 5 seconds for a duration of 90 seconds. Due to the
rapid increase and then decrease of shear stress during the testing process until it stabilizes, the
highest shear stress during the testing process is considered as the static yield stress in that state.
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Fig. 1. Test system of rheological measurements

2.2.2. Water film thickness

The determination of the total specific surface area (TSSA) of particles in cement-limestone
paste is accomplished through Eq. (2.2), defined as follows [39]:

2.2) TSSA = yeue + yjuy

where, y. and y; represent the specific surface areas of PC and limestone powder, respectively,
while u. and u; denote the volume fractions of PC and limestone powder particles in the
total solid particles. Additionally, the solid particle packing density of PC-limestone paste is
determined by Eq. (2.3):

1
1 + Pm—

mp
where, p,, signifies the density of the mixed powder of cement and limestone powder (kg/m?),
m,, is the water requirement when the paste achieves the standard consistency (kg), and my,
represents the mass of the binder material (kg). The minimum water requirement is determined
based on the critical water consumption for the transformation of powder materials from a solid
to a paste. p,, can be approximated calculated using Eq. (2.4):

me my
(2.4) Pm = —=pc+—p|
mpy mp
where, m. and m; are the masses of PC and limestone powder, respectively, p. and p; is the

density of cement and limestone powder (kg/m?), respectively. Finally, the WFT of the paste
can be determined by Eq. (2.5), where u;], is the ratio of excess water to solid particle volume
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(excess water ratio); u,, is the ratio of water volume to solid particle volume, and uyiq is the
ratio of void volume to solid particle volume [40].
l-¢
’ Uy — ——
U, Uy — Uyoid _ @

TSSA ~ TSSA _ TSSA

2.5) WFT =

3. Results and discussion

3.1. Dynamic yield stress

Figure 2 illustrates the impact of varying limestone powder content on the flow curve of
the composite paste. The relationship between shear stress and shear rate was modeled using
the modified Bingham model to determine the dynamic yield stress for each set of slurries. The
inclusion of a quadratic coefficient in the modified Bingham model accounts for the nonlinear
characteristics of the flow curve, accommodating potential shear thickening or shear thinning
in the slurry. Observing Fig. 2, it becomes apparent that the shear stress of the slurry without
added limestone powder exhibits a nearly linear variation with shear rate, resulting in a smaller
quadratic coefficient compared to other groups. As the limestone powder dosage increases,
the shear stress of the slurry begins to ascend, indicating a transition in rheological properties
towards shear thickening, signified by an increase in the ratio of shear stress to shear rate
(apparent viscosity).
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Fig. 2. Shear stress-shear rate relationships of PC-limestone pastes

To further quantify the dynamic yield stress for each group of slurries, Table 2 presents
the fitting equations for the 16 groups investigated in this study. Notably, the fitting accuracy
across all slurries is consistently high, with R? values predominantly reaching 0.99 or above.



EXPLORING THE INFLUENCE OF WATER FILM THICKNESS ON THE YIELD STRESS ... 89

Irrespective of the specific surface area of the limestone powder, the dynamic yield stress of
the slurry steadily rises with increasing limestone powder content. Moreover, when limestone
powder dosage is uniform, limestone powder with a larger specific surface area induces
a more pronounced increase in yield stress. For instance, the dynamic yield stress of the
slurry containing 50% Class I limestone powder (with a specific surface area of 389 m?/kg) is
measured at 54.9 Pa, while the slurry containing Class III limestone powder (1088 m?/kg) at
a 50% substitution rate exhibits a notably higher dynamic yield stress of 70.26 Pa.

Table 2. Fitting parameters based on the modified Bingham model

Sample Modified Bingham model R? Dynamic yield stress

P100 7 = 0.000036y2 + 0.5437y + 23.66 0.9975 23.66
P90L10-I 7 = 0.0017y? + 0.4454y + 30.08 0.9991 30.08
P80L20-I 7 =0.0019y2 + 0.4805y + 32.34 0.9989 32.34
P70L30-I 7 =0.0023y2 + 0.4714y + 35.31 0.9998 35.31
P60L40-1 7 = 0.0054y2 + 0.1109y + 49.48 0.9980 49.48
P50L50-1 7 = 0.0044y2 + 0.2135y + 54.9 0.9903 54.9
P9OL10-II 7 =0.00021y% + 0.4325y + 32.56 0.9912 32.56
P8OL20-11 7 = 0.00052y% + 0.3754y + 36.59 0.9889 36.59
P70L30-11 7 = 0.0016y2 + 0.3298y +45.25 0.9992 45.25
P60LA40-11 7 = 0.0014y?% + 0.3194y + 51.22 0.9978 51.22
P50L50-I1 7 = 0.0025y +0.2016y + 57.85 0.9991 57.85
P9OL 10-1IT 7 = 0.00046y? + 0.3978y + 35.33 0.9975 35.33
P80L20-IIT 7= 0.0011y% + 0.3426y + 40.71 0.9981 40.71
P70L30-I1I 7=0.0017y2 + 0.2012y +49.97 0.9966 49.97
P60LA40-111 7 =0.0021y2 + 0.2345y + 58.62 0.9979 58.62
P50L50-111 7 =0.002y2 + 0.2102y + 70.26 0.9965 70.26

3.2. Static yield stress

In contrast to dynamic yield stress, static yield stress characterizes the stress required to
sustain the flow of the slurry [7, 18]. The progression of stress under low shear rates is depicted
in Figs. 3 and 4, illustrating a rapid initial ascent followed by a gradual decline and stabilization.
This pattern aligns with the solid-liquid transition observed in the slurry, where shear forces
induce microstructural damage, leading to a shift from a solid state dominated by elasticity to
a liquid state characterized by viscosity.



90 Q. ZHANG

Based on the results obtained from Figs. 3 and 4, Fig. 5 amalgamates the maximum stress,
denoting static yield stress, across each set of slurries throughout the testing duration. In
concordance with the dynamics of dynamic yield stress, both the addition of limestone powder
and the augmentation of its specific surface area contribute to an elevation in the static yield
stress of the slurry. Notably, static yield stress appears to undergo a more pronounced increase
compared to dynamic yield stress, as evident from the integrated results in Fig. 5.
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Fig. 3. Effect of limestone content on static yield stress of composite pastes
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Fig. 4. Effect of particle size of limestone on static yield stress of composite pastes
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Fig. 5. Static yield stress of PC-limestone pastes

3.3. Water film thickness

Upon computing the WFT for each set of slurries, Fig. 6 scrutinizes the influence of
¢/TSSA on WFT. As depicted, there exists an approximate quadratic growth relationship
between ¢/TSSA and WFT. As per Eq. (2.5), WFT represents the ratio of excess water in solid

0.40

0.35
y=2.437x%-1.261x+0.3319

R*=0.9824
0.30 1

WEFT (um)

0.25 4

0.20 1

0.15 T T T T T T T
025 030 035 040 045 050 0.55

@/TSSA
Fig. 6. Effect of ¢/TSSA on WFT of PC-limestone paste



92 Q. ZHANG

particles to the total specific surface area. The escalation in total specific surface area exerts
a diminishing impact on water film thickness, while the proportion of excess water exerts an
elevating effect on WFT. Consequently, the value of WFT hinges on the relative magnitude
of these two parameters. Results from Fig. 6 indicate that a higher ratio of solid particle
packing density to total specific surface area corresponds to a greater WFT in composite slurry.
Moreover, an increase in the current ratio intensifies the growth of WFT.

From a dynamic standpoint, the variation in water film thickness among different cement
limestone powder slurries results from the combined influence of solid particle packing density
and total specific surface area. To delve deeper into how WFT affects the yield stress of
composite slurries, Figs. 7 and 8 illustrate the relationship between the two types of yield
stresses and WFT. It is evident that both yield stresses exhibit a negative correlation with
WFT, implying that an augmentation in WFT precipitates a reduction in yield stress. The
heightened thickness of lubricating water on particle surfaces, accompanying an increase
in WFT, diminishes friction between particles. However, a nuanced functional relationship
is apparent: dynamic yield stress approximates a linear decrease, whereas static yield stress
demonstrates a decrease in an inverse proportional function. This distinction may arise from
the fact that, at small WFT values, particles tend to accumulate more readily, forming early
microstructures that necessitate greater external forces to disrupt and facilitate slurry flow.
Consequently, the static yield stress of slurry with smaller WFT significantly surpasses that of
slurry with larger WFT.

3.4. Prediction of yield stress based on WFT

Although Figs. 7 and 8 can demonstrate the relationship between the yield stress of the
slurry and WFT, this relationship is more of a regular description. It is difficult to achieve
the goal of accurately characterizing the yield stress of the slurry through this simple fitting.
Therefore, this study also employed the currently popular machine learning approach to attempt
to predict the yield stress of the slurry through mix ratio parameters and WFT.

Artificial neural networks (ANN) are currently the most widely used and reliable machine
learning algorithms. It mainly consists of three parts: input layer, hidden layer, and output layer.
In this study, the activation function adopts the sigmoid function, as shown in Eq. (3.1):

1
l+e>

3.1 s(x) =

In addition, the weights and thresholds of the network are adjusted by transferring the error
function in the opposite direction to achieve the goal of minimizing errors as much as possible.
The expression is shown in Eq. (3.2), where T; is the expected output and O; is the calculated
output of the network.

D@+ 0y

3.2) E >
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In this study, input parameters include PC percentage content (50—100%), limestone powder
percentage content (0-50%), and WFT. The prediction of artificial neural networks mainly
involves the following main processes:

(i) Divide the data into training and testing sets in a ratio of 80% and 20%, and normalize
all input parameters.

(ii) Determine the number of hidden layers. Here we refer to the empirical formula previously
proposed, as shown in Eq. (3.3):

(3.3) l=Vn+m+a
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where, n is the number of input layers, m is the number of output layers, and a is
a constant between 1 and 10. Based on the background of this study, the hidden layer
was determined to be 5.

(iii) Implement network training and data prediction through Matlab 2019a.

The prediction results of dynamic and static yield stress of PC limestone powder composite
slurry based on artificial neural network prediction are shown in Fig. 9. It can be found that
using machine learning methods can obtain results more accurately than traditional simple
fitting methods. This can be mainly reflected by the fact that both the predicted and actual values
are almost evenly distributed on both sides of the red line in Fig. 9. However, compared to static
yield stress (Fig. 9(a)), the accuracy of predicting dynamic yield stress values is relatively lower.
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Fig. 9. Actual yield stress and Predicted yield stress showing (a) static yield stress and
(b) dynamic yield stress

Figure 9 is only a visual comparison between predicted and actual values, rather than
a rigorous quantification. In order to further evaluate the difference between the predicted and
actual values, i.e. the overall deviation of the sample, the determination coefficient R? is used
to evaluate the performance of the given model. The calculation method for R? is given by
Eq. (3.4), where y;’ is the predicted value and y; is the actual value.

an (y, - yi)2

(3.4) R2=1- =

2"1 (i =5
)

Figure 10 shows the prediction accuracy characterization results of an R?-based artificial
neural network. It can be found that the accuracy of using this algorithm to predict two types
of yield stresses exceeds 0.94, with the accuracy of predicting static yield stresses reaching
as high as 0.9745. This once again demonstrates that using artificial neural networks, a more
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advanced algorithm, can more accurately obtain the yield stress of the slurry than empirical
models. Moreover, based on the results in Fig. 9, it can be observed that the prediction process
did not exhibit the overfitting phenomenon that is commonly observed in machine learning
models. In other words, both the training and testing sets exhibit good predictive accuracy.
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Fig. 10. R? of static and dynamic yield stresses

4. Conclusions

This study integrates particle packing theory to establish the correlation between WFT
and yield stress in PC-limestone paste. Additionally, a state-of-the-art artificial neural network
were employed to predict yield stress. The principal conclusions are summarized as follows:

1. The shear stress-shear rate relationship of PC-limestone paste demonstrates an approxi-
mate linear growth pattern. As limestone powder content increases, the paste’s shear
thickening intensifies. The addition of limestone powder, coupled with an augmentation
in specific surface area, markedly amplifies the static and dynamic yield stress of the
paste. Notably, the dynamic yield stress for paste with 50% Class III limestone powder
(1088 m?/kg) reaches 70.26 Pa.

2. WFT in PC-limestone paste particles is influenced by the ratio of solid particle packing
density to total specific surface area, increasing with higher solid particle packing density.
Both dynamic and static yield stresses exhibit negative correlations with WFT, signifying
that an increase in WFT corresponds to a decrease in yield stress. The dynamic yield
stress demonstrates an approximate linear decrease with WFT, while the static yield
stress manifests a decrease following an inverse proportional function.

3. Artificial neural networks are proficient in predicting static and dynamic yield stresses
based on mix ratio parameters and WFT. Significantly, static yield stress prediction
accuracy is higher, with an R? value of 0.9745. The application of the artificial neural
algorithm provides a crucial computational foundation for establishing a rational
relationship between WFT and yield stress.
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