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Abstract

Self-consolidating earth concrete (SCEC) is a novel alternative to facilitate the earth-based
construction. A new concrete-equivalent mortar (CEM) approach with constant excess-paste (EP)
thickness was proposed to evaluate the rheological and thixotropic properties of various SCEC
mixtures proportioned with different clay and superplasticizer types. The use of non-esterified
polycarboxylate (NE-PC) and sodium polynaphtalene superplasticizer types in combination with a
finer clay type led to a thixotropic behavior. Mixtures made with sodium hexametaphosphate resulted
in significantly high yield stress and plastic viscosity values. The rheological properties were mainly
controlled by the admixture type, followed by the type and content of clay and water-to-powder ratio
(W/P). Empirical models were proposed to predict the rheology of earth-based paste, CEM, and
SCEC mixtures using the governing key mixture parameters, including the fineness of the powder
constituents (i.e., clay, silt, and cement), water content, EP thickness, paste volume, and packing of
the granular skeleton.

Keywords: Clay; Concrete-equivalent mortar; Rheology; Self-consolidating earth concrete;
Thixotropy.

1. Introduction

Earth construction goes back to 100 centuries ago and is still used worldwide under different climate
conditions [1]. This technique includes cob, mud and adobe masonry bricks, and rammed-earth
construction. Environmental-friendly earth construction can be a solution to address the global
climate-change concern, because of their availability, durability, economic, and thermal comfort [2,3].
Cement-stabilized earth or soil, mostly used for wall applications, is widely used as layer-by-layer
casting and renowned as rammed-earth (RE) with favorable performance [4]. However, RE
construction process is time consuming because of the mechanical consolidation to achieve targeted
performance and induces deficiencies due to its layer-by-layer nature [5]. Self-consolidating earth
concrete (SCEC) can be an alternative to address these abovementioned defects while preserving the
advantages of RE technique.

Self-consolidating concrete (SCC) is typically proportioned with relatively higher volume of paste
(Vp) than conventional concrete to improve workability. Supplementary cementitious materials
(SCM) are therefore used to partially replace cement and reduce the clinker factor of SCC. In the case
of SCEC, the binder system consists generally in a ternary mixture of very fine clay and silt particles
contained in earth, in addition to cement [6-9]. Different test measurements are employed to identify
the key characteristics of clay and silt constituents of the binder that can be used to classify soils and
assess their suitability given the application on hand. The Atterberg limits of soil are highly
influenced by the type and content of clay, hence they can be useful in classifying soil behaviors in
presence of water [10-13].

Suspensions containing high volumetric content of fine particles generally exhibit high yield stress
and plastic viscosity values due to high interparticle frictions [14—16]. The use of high-range water-
reducer (HRWR) is therefore necessary to achieve good deformability of SCEC mixtures containing
fine clay particles. Good compatibility between the HRWR and ternary binder system in SCEC matrix
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is essential to ensure proper dispersion of fine particles [6] and achieve adequate workability. The
efficiency of polycarboxylate-ether (PCE) based superplasticizers on ternary binder system of SCEC
has been reported in literature [9]. On the other hand, inorganic dispersing agents, such as sodium
hexametaphosphate (NaHMP), were also found very effective to disperse clay particles by
electrostatic repulsion forces [17-19]. Therefore, evaluating rheology of SCEC mixtures proportioned
with different types and content of clay, as well admixture types can be of interest to achieve adapted
rheology given the application on hand.

Structural build-up of the cementitious materials can be evaluated by various rheometric measures
including: (1) the evolution rate of the static yield stress [20-22], (2) storage (G') and loss (G")
moduli over time [21,23], and (3) the area enclosed between the ascending and descending flow
curves (i.e., the hysteresis loop). The latter refers to the rebuilding energy at various time intervals and
has been frequently used in literature as an indication of structuration kinetics [24,25]. The selection
of the geometry is also critical to limit wall slip and liquid phase migration risks [26,27]. Using
coaxial geometry limits the maximum aggregate size, while the results of parallel-plates rheometry is
questionable due to the evaporation and wall-slip risk [28,29]. However, regarding the shortcomings
of coaxial geometry, using parallel-plates set-up can be more favorable to measure the rheological
properties of earth-based suspensions due to the presence of silt particles (up to 75 pm). The
rheological measurements are affected by various physicochemical synergies, including flocculation
of the binder particles and nucleation of hydration products. The binder compositions, solid
concentration, existence of colloidal particles, as well as the type and dosage of admixtures are key
influencing factors [21]. In the case of mortar and concrete mixtures, the volumetric content and
particle-size distribution (PSD) of aggregate can significantly affect the rheological measurements
[30], reflected by the viscoplastic properties, including yield stress and plastic viscosity. The
evaluation of static yield stress of cementitious materials is challenging due to the effect of the
adopted testing protocol, shear history, elapsed time, and ambient conditions [31]. In the case of
ternary binder system of SCEC, the applied shear protocol is even more important due to the risk of
liquid-phase migration [32].

The concrete equivalent mortar (CEM) approach has been widely used to predict the performance of
its corresponding concrete. The CEM mixtures are proportioned to achieve the same surface area of
coarse and fine aggregate existing in its corresponding concrete mixture [33]. The CEM approach was
widely used to simulate different properties of concrete in fresh and hardened states. This approach
was successfully used to simulate the interaction between the binders and admixtures, and evaluate
the robustness of the workability and rheological properties of SCC mixtures [34]. Strong
relationships were established between the fresh and hardened properties of CEM and concrete
[33,35,36]. The established correlations can facilitate the optimization process and reduce the number
of trial batches and materials. Although the surface area of aggregate is maintained constant in the
conventional CEM approach, the excess paste (EP) thickness can change due to packing density of
coarse and fine aggregate [7]. This can therefore negatively affect the accuracy of the conventional
CEM to reproduce the workability and rheology of concrete mixtures. The EP concept was also
introduced to improve the accuracy of CEM to predict the properties of concrete [37,38]. The CEM
approach can be beneficial to be considered from two different perspectives, including (i)
applicability of this approach to control the performance of SCEC and (ii) rheology of each CEM
mixture which itself can be considered as an independent self-consolidating earth mortar, since earth
particles are commonly consisted in finer particles compared to conventional concrete.

In this context, the CEM approach considering the constant EP thickness is used in this study.
Accordingly, the coupled effect of binder constituents, including type and content of clay, cement
content, water-to-powder ratio, paste volume, EP thickness, volumetric sand-to-total aggregate ratio,
and admixture type on rheology and thixotropy of paste, CEM, and SCEC mixtures is investigated
using the proposed CEM approach. The significance of key parameters affecting the rheological
behavior of multiscale self-consolidating earthen-cementitious suspensions was highlighted. Due to
the diversity of soil types used, plasticity index (PI) was used as their representative parameter which
is highly dependent on the presence of fine particles. Various empirical models were established to
predict the rheological behavior of self-consolidating earth-based paste mixtures from their



100
101
102

103

104

105
106
107
108
109
110
111
112
113
114
115
116

117
118
119
120
121
122
123
124
125

126

127

128
129

workability parameters. Subsequently, the rheological properties of the CEM and SCEC mixtures
were predicted as functions of the characteristics of their corresponding paste and CEM mixtures,
respectively.

2. Methodology

2.1. Materials and testing methods

Two different clay types were used, including a pure kaolinite with specific surface area (SSA) of 15
m?/g and specific gravity of 2.73 (Type I), and a combination of 50% kaolinite and 50% attapulgite
(wt.% by mass) having SSA of 155 m?*/g and specific gravity of 2.75 (Type II). A general use Portland
cement (GU) and quartz silt powder (2 to 75 pum) with specific gravities of 3.15 and 2.69,
respectively, were used. Two common inorganic dispersant agents in clay industry were used,
including high purity sodium hexametaphosphate (NaHMP) with solid ratio of 37.1% and sodium
silicate solution (NaSil) with 10.6% NayO, 26.5% SiO,, and 72.9% H,O (wt.% by mass). Three
commonly used HRWR types in concrete industry, including polycarboxylate ether (PCE), sodium
polynaphtalene (PNS), and non-esterified polycarboxylate (NE-PC) were also employed. The
aggregate used to proportion the investigated SCEC mixtures included natural river sand (0-5 mm)
and crushed limestone gravel (5-10 mm) with specific gravities of 2.67 and 2.72 and water
absorptions of 1.09% and 0.42%, respectively. The PSDs of the aggregate are presented in Fig. 1.
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Fig. 1. Particle-size distributions of the sand and gravel.

The rheological behavior of the SCEC mixtures was investigated using the novel concrete-equivalent
mortar (CEM) approach proposed by Kohandelnia et al. [7]. As mentioned earlier, in the case of
conventional CEM method, only the total surface area of aggregate is constant [35,37], while the
change in packing density of granular skeleton in concrete (sand and gravel) to that of sand in the
equivalent mortar was neglected. As can be observed in Fig. 2, for a unit volume of concrete, only a
given paste volume, namely compacted volume of paste (Vcp), is required to fill the voids between the
compacted aggregate (Vca), knowing that the volumetric fraction of aggregates (¢) in concrete is
lower than its packing density (@max). The remaining paste, referred to the excess volume of paste
(Vep), contributes to improving the flowability of the mixture by reducing the inter-particles friction.

The excess volume of paste (Vep = 1- ? ) can be calculated using the ratio of the volumetric content

max

of aggregates-to-their packing density ((P(P

), namely relative-solid packing fraction [39]. The required

max

sand content to proportion the new proposed CEM mixture with similar excess paste thickness (eep) to
that of its corresponding concrete mixture can be calculated as follow:
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1 (peq:sand 1 (Psand+gravel
VEP—CEM _ VEP—Concrete — (pmax:sand _ (pmax:sand+gravel (1)

€EP-CEM = CEP-Concrete =
Aeq: sand Asand+gravel Aeq:sand Asand+gravel

where VEP—Concrele, VEP»CEM, (Psand+gravel, QPeq:sands (Pmax:sand+gravel, (Pmax:sand, Asand+gravel, and Aeq:sand are the
excess volume of paste, volumetric content, packing density, and surface area of aggregate in SCEC
(sand and gravel) and its corresponding CEM mixture (sand), respectively. In order to ensure higher
accuracy of the aggregate’ morphology, the 3D surface area-to-volume ratio (Asp/V) of sand and
gravel particles was evaluated using Max3D laser scanner and X-ray micro-CT scanner for different
aggregate subclasses of sand and gravel, corresponding to the standard sieves, larger and smaller than
1.25 mm, respectively. According to the image analyses results, the Asp/V ratios of 21583.4 and 859.8
m?/m? (as summarized in Table 1A in the Appendix) were obtained for the sand and gravel particles
used in this study, respectively.

(a) (b)
_ P
V = 1—
EP Pmax
Vcell= 1 ()
Ver= -
/ cr Pmax
9
V.=—2
CA Omax

Fig. 2. (a) Schematic of a unit volume of concrete (Ve = 1) as a suspension of sand and gravel particles in
paste, (b) excess volume of paste (Vep), compacted aggregate (Vca), and compacted paste volume (Vcp).

The paste and mortar mixtures were prepared using a planetary Hobart mixer conforming to the
ASTM C305 specifications [40]. The mini-slump flow (MSF) [41] of paste and CEM mixtures was
assessed at 0, 30, and 60 min after mixing. Mini-V-funnel (MVF) [42] and marsh cone (MCT) [43]
tests were also employed to evaluate the flowability of the investigated mortar and paste mixtures,
respectively. Workability of concrete mixtures were evaluated using the slump flow (SF) [42] and V-
Funnel [44] tests. The Atterberg limit tests, including the liquid limit (LL), plastic limit (PL), and
plasticity index (PI = LL - PL), were carried out according to the ASTM D4318 specifications [45] to
characterize the soil (i.e., clay, silt, and sand < 425 pm). Rheometric tests were conducted on the
investigated paste mixtures using the Anton Paar MCR 302 rheometer with parallel-plates geometry,
as shown in Fig. 3. It should be noted that coaxial geometry could not be employed due to the
presence of silt particles up to 75 um. The viscoplastic properties of the paste mixtures were measured
using a shearing protocol that consists in applying a pre-shearing of 150 s for 120 s, followed by
stepwise descending regime to a shear rate of 1 s™ during 105 s, as shown in Fig. 4a.

Moreover, a hysteresis-loop shearing protocol was applied to evaluate the thixotropy of the paste
mixtures, as shown in Fig. 4b. This consists in applying a pre-shearing of 50 s for 30 s, followed by a
30-s resting period (0 s). After the resting period, the shear rate values increased step-wise from 0.1
s' to 150 s during 90 s, followed by a step-wise shear-rate reduction to its initial value 0.1 s for
another 90-s period [46—48]. The enclosed area between the increasing (Up) and decreasing (Down)
shear stress-shear rate curves was then calculated and used to assess the breakdown and thixotropy of
the investigated paste mixtures, described as Amix [49]. On the other hand, the ConTec 5 and 6



159  viscometers were used to evaluate the rheological properties of the investigated concrete mixtures and
160 their corresponding CEMs, respectively.
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161 Fig. 3. (a) AntonPaar MCR302 rheometer with parallel-plate geometry and (b) schematics of the parallel-plates set-up.
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Fig. 4. Shear protocol employed to assess (a) viscoplastic properties and (b) thixotropy of the investigated paste mixtures.
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The Bingham and Herschel-Bulkley models were applied to estimate the rheological parameters of the
investigated mixtures, as follow:

Bingham model: t = 1o + ppXy (2)

Herschel-Bulkley model: t = 1o + kxy" 3)

where 1, 10, Up, ¥, Kk, and n are shear stress, yield stress, plastic viscosity, shear rate, consistency, and
pseudoplastic indices, respectively. A pseudoplastic index “n” value lower than 1 corresponds to a
shear-thinning behavior, identified by a decrease in the apparent viscosity under higher shear rates,
which is typical for conventional cement-based materials. On the other hand, the “n” value greater
than 1 corresponds to a shear-thickening behavior, reflected by an increase in the apparent viscosity
values under higher shear rates. It must be also noted that the viscoplastic and thixotropic
measurements were carried out at 0, 30, and 60 min after mixing.

2.2. Mixtures proportioning

As summarized in Table 1, five different cement contents, paste volumes (Vp), water-to-powder
(W/P), cement-to-clay (Ce/Cl, by mass), and volumetric sand-to-total aggregate (S/A) ratios, and five
different types of admixtures were investigated in this study. Moreover, two clay types with highly
different fineness were selected to cover a wide range of soil types. As can be observed in Table 1, the
investigated Vp values are relatively higher than those in conventional SCC mixtures to simulate the
presence of ternary binder system existing in earth concrete (i.e., clay, cement, and silt). Moreover,
wide ranges of W/P (0.30 to 0.50) and Ce/Cl (0.50 to 1.50) were investigated. Furthermore, different
S/A of 0.5 to 0.9 were selected to investigate the effect of aggregate packing on rheological properties
of the investigated SCEC mixtures. The synergy of the binders used in combination with two
inorganic dispersants and three common superplasticizers on rheology of the investigated mixtures
was studied. Based on the Taguchi orthogonal array Lsy (2'x5°), 50 experiments were conducted to
evaluate the coupled effect of the abovementioned factors on rheological behavior of the investigated
SCEC mixtures.

Table 1. Investigated parameters and their corresponding levels to proportion the investigated SCEC mixtures

[6].

Factors

Levels Clay type Cement content (kg/m?) Vp (%) W/P Ce/Cl S/A Admixture type
1 Type 1 60 45 0.30 0.50 0.5 NaHMP

2 Type II 90 48 0.35 0.75 0.6 NaSil

3 - 120 51 0.40 1.00 0.7 PCE

4 150 54 0.45 1.25 0.8 PNS

5 180 57 0.50 1.50 0.9 NE-PC

First, 18 paste mixtures were selected out of the 50 investigated mixtures [6] to proportion the CEM
mixtures, based on their 1-day compressive strength (> 1 MPa) and admixture demand to achieve a
targeted MSF of 280 + 20 mm. Similarly, the MSF values of the 18 selected CEM mixtures were
assessed to secure the targeted MSF of 280 + 20 mm. Finally, according to the CEM results, three
SCEC mixtures were selected. It is worthy to mention that only the SCEC mixtures proportioned with
PCE were chosen as the optimum admixture type effect [7]. Moreover, a reference concrete mixture
(Crep) and its corresponding CEM (M..r) were also investigated. These mixtures were proportioned
with PCE, but without any clay content. The mixture proportioning of the investigated paste (P), CEM
(M), and SCEC © mixtures are summarized in Table 2.
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Table 2. Proportioning of the investigated paste, CEM, and SCEC mixtures [7].

Mix No. Admixture Cement Water Clay (kg/m®) Silt W/P Ve Sand Gravel S/A ekp
type (kg/m*)  (kg/m’)  Typel Typell  (kg/m’) (%) kgm?)  (kg/m?) (nm)
P6 NE-PC 200.0 490.7 1733 - 1028.5 0.35 - - - - -
P10 PNS 157.9 450.9 182.5 - 1162.5 0.30 - - - - -
P11 PNS 266.7 526.2 154.1 - 894.9 0.40 - - - - -
P12 NE-PC 250.0 556.3 4333 - 553.0 0.45 - - - - -
P15 PCE 210.5 490.9 146.0 - 1046.0 0.35 - - - - -
P16 PCE 3333 558.7 385.2 - 523.0 0.45 - - - - -
P17 PNS 3125 584.1 270.8 - 584.9 0.50 - - - - -
P18 NE-PC 294.1 4542 203.9 - 1016.0 0.30 - - - - -
g P22 PCE 375.0 456.2 216.7 - 929.1 0.30 - - - - -
£ P23 PNS 3529 495.8 611.8 - 452.0 0.35 - - - - -
P24 NE-PC 3333 528.8 385.2 - 603.4 0.40 - - - - -
P25 NaHMP 315.8 557.8 273.7 - 650.1 0.45 - - - - -
P26 PNS 1333 450.1 - 92.4 1274.4 0.30 - - - - -
P32 PNS 187.5 524.2 - 216.7 906.3 0.40 - - - - -
P37 PCE 250.0 555.6 - 1733 811.3 0.45 - - - - -
P44 PNS 277.8 4929 - 240.7 889.7 0.35 - - - - -
P45 NE-PC 263.2 526.2 - 182.5 869.9 0.40 - - - - -
P49 PCE 3333 528.2 - 192.6 794.6 0.40 - - - - -
M6 NE-PC 100.0 2453 86.7 - 5142 0.35 45 1197.2 - 1 40.2
M10 PNS 101.6 290.1 117.4 - 748.0 0.30 57 815.6 - 1 88.4
Ml11 PNS 149.3 294.6 86.2 - 500.9 0.40 45 1038.0 - 1 56.0
MI12 NE-PC 139.6 310.7 242.0 - 308.8 0.45 48 1041.6 - 1 55.6
M15 PCE 147.0 342.8 101.9 - 730.4 0.35 57 669.6 - 1 1214
Ml6 PCE 157.7 264.3 182.2 - 2474 0.45 45 1268.7 - 1 344
M17 PNS 192.8 360.4 167.1 - 360.9 0.50 48 885.6 - 1 76.5
M18 NE-PC 181.5 280.4 1259 - 627.2 0.30 51 885.1 - 1 76.5
= M22 PCE 198.7 241.7 114.8 - 4922 0.30 48 1117.7 - 1 47.6
8 M23 PNS 188.1 264.3 326.1 - 240.9 0.35 51 1109.1 - 1 48.4
M24 NE-PC 224.1 3555 259.0 - 405.7 0.40 54 738.4 - 1 104.2
M25 NaHMP 212.0 374.5 183.7 - 436.4 0.45 57 741.4 - 1 103.5
M26 PNS 63.1 2129 - 43.7 602.9 0.30 45 1268.7 - 1 344
M32 PNS 99.3 2717.7 - 114.8 480.2 0.40 48 1117.7 - 1 47.6
M37 PCE 147.2 3272 - 102.1 477.8 0.45 48 960.3 - 1 65.6
M44 PNS 179.1 317.8 - 155.2 573.6 0.35 54 812.1 - 1 89.1
M45 NE-PC 169.3 338.6 - 117.4 559.7 0.40 57 815.6 - 1 88.4
M49 PCE 187.6 297.3 - 108.4 4472 0.40 54 1030.1 - 1 56.9
Mt PCE 818.7 327.5 - - - 0.40 45 964.5 - 1 65.1
Cl6 PCE 150.0 251.4 1733 - 2353 0.45 45 1197.0 136.0 0.9 344
o C22 PCE 180.0 219.0 104.0 - 4459 0.30 48 1000.2 255.7 0.8 47.6
8 C37 PCE 120.0 266.7 - 83.2 389.4 045 48 750.1 5114 0.6 65.6
2 Cut PCE 627.2 250.9 - - - 0.40 45 665.0 680.0 0.5 65.1

3. Results and discussion

3.1. Rheology of paste mixtures

The Atterberg limits of the investigated soils (clay, silt, and sand < 425 pm) and thixotropy indices of
their corresponding paste mixtures are summarized in Table 3. The Atterberg limits were used as an
indication of the binder contribution on soil behavior. Wide ranges of LL (15.7%-36.5%), PL
(14.5%-23.6%), and PI (1.2%-13.3%) ensured a comprehensive investigation of various earth types.
On the other hand, the evolution rate of the static yield stress, reflecting the thixotropic response, was
used to assess the kinetics of structuration [21,22]. For instance, the hysteresis loops of the mixtures
P44 and P49, determined immediately after mixing (i.e., t = 0), are illustrated in Fig. 5a and 5b,
respectively. As can be observed, in the case of P44, the descending shear stress values were lower
than the ascending ones, hence reflecting a thixotropic behavior. However, in the case of P49, a



208  rheopectic behavior, reflected by higher descending shear stresses compared to the ascending ones,
209  was observed. The enclosed area between the upward and downward steps was calculated for all the
210  investigated mixtures. It should be noted that positive and negative values refer to thixotropic and
211  rheopectic behaviors, respectively.

212 Table 3. Atterberg limits of the earths used (clay, silt, and sand < 425 um) and thixotropy indices of the
213 investigated paste mixtures.

. . Atterberg limits Aunix (Pa/s)
Mix No. Clay type Admixture type - - -
LL (%) PL (%) PI (%) 0 min 30 min 60 min
P6 NE-PC 15.7 14.5 1.2 153 242 151
P10 PNS 18.6 16.9 1.7 -47 -96 -674
P11 PNS 18.1 16.6 1.5 -371 -501 -607
P12 NE-PC 20.1 14.6 5.5 174 200 176
P15 PCE 17.5 16.2 1.3 -145 -117 =77
P16 PCE 18.9 14.9 4 -100 -109 -90
Type I
P17 PNS 19.5 15.7 3.8 -602 -642 -711
P18 NE-PC 19.9 16.3 3.6 214 112 120
P22 PCE 18.9 15.8 3.1 223 241 272
P23 PNS 21.5 14.8 6.7 -76 -118 -109
P24 NE-PC 21.6 14.5 7.1 101 78 68
P25 NaHMP 20.5 15.6 49 -1138 -1003 -1517
P26 PNS 21.5 183 32 636 710 1296
P32 PNS 30.8 23.6 72 182 -242 -2375
P37 Tvpe II PCE 32.8 21.8 11 -1628 -1664 -1967
e
P44 P PNS 36.5 232 13.3 1123 1322 1413
P45 NE-PC 34.6 22.8 11.8 604 469 440
P49 PCE 31.5 20.5 11 -2629 -2695 -2740
214
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Fig. 5. The hysteresis loops observed for (a) P44 (thixotropy) and (b) P49 (rheopexy) paste mixtures at t = 0.
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According to the Aumix values obtained immediately after mixing (t = 0) and summarized in Table 3,
the thixotropic and rheopectic behaviors of the investigated mixtures were mostly affected by the
admixture type. Accordingly, all the NE-PC-based mixtures showed a thixotropic behavior (Amix > 0).
Moreover, in addition to the mixture P22, proportioned with the lowest W/P and PCE admixture, all
the mixtures proportioned with PNS admixture and Clay Type II also exhibited a thixotropic behavior.
The mixture P44, containing the highest content of Clay Type II, showed the highest thixotropy
response, while the highest rheopectic response was observed for the P49 mixture followed by the
P37 and P25 mixtures. In fact, the P49 and P37 paste mixtures made with PCE and Clay Type II,
while the mixture P25 was the only system dispersed with NaHMP. Furthermore, the Clay Type II
having higher Atterberg limits exhibited greater magnitude of thixotropic/rheopectic response. It is
worth mentioning that the behavior of P32 changed over time from thixotropic to highly rheopectic.
This mixture was proportioned with the highest W/P among the thixotropic PNS-based mixtures. This
suggests that the type of admixture and its synergy with clay type had a dominant effect on the
structuration of earth-based paste mixtures, followed by W/P.

The thixotropy indices of the investigated paste mixtures made with different types of admixtures are
presented in Fig. 6. As can be observed in Fig. 6a, all the PCE paste mixtures showed a rheopectic
behavior (negative Amix values), excluding P22 proportioned with the lowest W/P of 0.30. This
suggests that low W/P can lead to thixotropic behavior in presence of PCE admixture, which is in
agreement with literature [50]. Indeed, high W/P can lead to a reduction in shear strength properties.
Moreover, the PCE-based mixtures containing high specific surface area Clay Type II showed greatly
negative Amix values, reflecting a rheopectic behavior. On the other hand, the PNS-based paste
mixtures proportioned with Clay Type II and low W/P showed great thixotropic behaviors, as
illustrated in Fig. 6b. However, the thixotropic behavior of the mixture P32 turned to rheopexy over
time. This can be due to its relatively higher W/P compared to P26 and P44, despite their comparable
clay contents. As for the PNS-based paste mixtures containing Clay Type I, the mixtures P10 and P23
showed the lowest rheopexy values due to their low W/P. Regardless to the clay type, the mixtures
P10 and P26 proportioned with the lowest W/P of 0.30 exhibited the highest Aumix rates over time.

As can be observed in Fig. 6c, all the NE-PC-based paste mixtures showed thixotropic behavior
(positive Amix values), regardless of the clay type. Among the NE-PC mixtures, the highest Aumix value
was obtained for the mixture P45, which is the only mixture proportioned with fine Clay Type II. This
suggests the higher contribution of the powder constituents on the Awmix of NE-PC-based mixtures
compared to their W/P. However, the contribution of these influencing parameters on Amix and its
variation over time remained questionable and need to be further investigated. The only system
dispersed with NaHMP (P25) showed a higher rheopectic behavior comparable to that of the PCE-
based paste mixtures proportioned with Clay Type II. The high rheopectic behavior observed for the
mixture P25 can be attributed to the synergy between NaHMP and Clay Type 1.

The workability and rheological results of the investigated paste mixtures are summarized in Table 4.
The flow curves were evaluated using both Bingham and Herschel-Bulkley models. As can be
observed, all the investigated earth-based paste mixtures exhibited a shear-thinning behavior, reflected
by pseudoplastic indices “n” lower than 1, excluding the mixture P23 proportioned with the highest
content of Clay Type I (np23 = 1.06). However, it must be noted that the use of Bingham model led to
coefficient of determinations R? higher than 0.94, excluding the mixtures P17, P25, P37, and P49
which showed the highest rheopectic behavior. Moreover, relatively high consistency indices “k”
were obtained for these mixtures. The Bingham model was applied to assess the evolution of
viscoplastic properties (yield stress and plastic viscosity) of all the investigated mixtures because of
its conformity with the majority of mixtures. Furthermore, significantly high yield stress and plastic
viscosity values were obtained for the mixture P25 made with NaHMP. This can be attributed to the
synergy between NaHMP and the ternary binder system (cement, clay, and silt). The clay type
showed the second degree of significance on rheological parameters. Accordingly, high viscoplastic
properties were obtained for the mixtures proportioned with Clay Type II.
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Fig. 6. Aumix values of the investigated paste mixtures proportioned with (a) PCE, (b) PNS, (¢) NE-PC, and (d) NaHMP admixtures.
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268 Table 4. Workability and rheological properties of the investigated paste mixtures.

MSF MCT Bingham model Herschel-Bulkley model
i tcylsz Adft‘y‘g‘éum (mm) © 0 min 30 min 60 min 0 min 30 min 60 min
Q 39 6_0 0 To Hp R To Hp To Hp To k n R2 To k 0 To k 0
min min min min (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s™) (Pa) (Pa.s™) (Pa) (Pa.s™)

P6 NE-PC 286 272 267 27 3.8 0.42 0.998 33 0.42 4.0 0.42 22 0.68 091  1.000 1.9 0.63 0.92 22 0.69 0.90
P10 PNS 292 209 189 29.0 9.9 0.87 0.966 18.9 0.97 319 1.19 4.2 1.83 0.85  1.000 8.4 3.02 0.78 13.2 547 0.71
P11 PNS 281 234 205 11.0 18.2 0.29 0.944 22.8 0.32 29.5 0.38 8.4 3.64 0.52  0.996 8.8 5.90 0.45 1.0 15.51 0.32
P12 NE-PC 293 277 261 25.0 14.0 0.17 0.984 15.6 0.18 19.5 0.19 11.6 0.70 0.73 0998 13.1 0.73 0.73 15.8 1.11 0.66
P15 PCE 279 260 248 17.0 10.8 043 0.990 14.1 0.46 18.0 0.53 6.1 1.37 0.78  0.999 7.6 1.86 0.73 8.5 2.82 0.68
P16 Type PCE 280 231 213 21.0 17.0 0.18 0.970 19.5 0.20 224 0.22 13.1 1.21 063 0999 148 1.52 0.61 16.9 1.84 0.59
P17 I PNS 283 221 209 11.0 43.8 0.29 0.634 48.2 0.37 61.6 0.46 0.0 29.08 021  0.952 0.0 30.29 0.24 0.0 39.16 0.23
P18 NE-PC 286 270 252 26.0 6.5 0.80 0.998 6.6 0.80 8.6 0.87 2.7 1.38 0.89  1.000 29 1.38 0.89 3.6 1.68 0.87
P22 PCE 283 256 238 36.0 10.0 0.65 0.968 11.0 0.71 13.1 0.75 29 2.04 0.78 0979 7.5 1.27 0.89 8.6 1.49 0.87
P23 PNS 295 195 148 41.0 39 0.53 0.999 8.0 0.58 10.1 0.67 5.1 0.40 1.06 1.000 4.8 1.11 0.87 10.8 0.58 1.03
P24 NE-PC 286 267 238 28.0 11.6 0.23 0.993 13.2 0.24 16.5 0.26 9.7 0.56 0.83 0999 109 0.67 0.80 13.7 0.83 0.78
P25 NaHMP 294 100 100 81.0 114.6 0.97 0.640 123.9 1.32 127.9 1.43 0.0 70.28 025 0948 0.0 71.85 0.29 0.0 73.06 0.29
P26 PNS 276 249 219 16.0 74 1.18 0.998 10.6 1.28 21.9 1.50 1.7 2.08 0.89  1.000 3.7 2.39 0.88 8.4 3.97 0.81
P32 PNS 282 250 216 45.0 334 0.67 0.979 65.0 0.80 133.1 1.06 22.0 3.37 069 0999 314 13.78 0.47 0.0 88.57 0.22
P37 Type PCE 286 259 237 56.0 60.3 0.59 0.838 74.7 0.73 94.6 0.88 0.0 36.88 026 0.998 0.0 45.72 0.26 0.0 58.89 0.25
P44 II PNS 269 239 219 61.0 26.1 1.40 0.996 34.8 1.47 51.6 1.57 17.7 2.79 0.87 1.000 24.6 322 0.85 37.0 4.29 0.81
P45 NE-PC 284 269 250 34.0 16.2 0.58 0.992 13.2 0.58 133 0.61 10.7 1.61 0.80  0.999 8.3 1.46 0.82 8.4 1.49 0.83
P49 PCE 272 163 138 51.0 76.3 0.84 0.851 1135 1.21 131.1 1.37 0.0 44.60 029  0.999 0.0 67.17 0.28 0.0 78.23 0.28
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Flow curves of the investigated paste mixtures with the non-linear shear-thinning behavior are
presented in Fig. 7. Despite the comparable mixture constituents, the mixtures P25 (NaHMP
admixture) and P17 (PNS admixture) exhibited the highest and lowest rheological parameters,
respectively. The presence of PNS in the mixture P17 proportioned with the highest water content led
to non-linear viscoplastic behavior. It is worth mentioning that the mixture P17 was made with Clay
Type I having low PI value of 3.8%. This suggests that the observed non-linearity is not due to the
type and content of clay used. However, the clay type and content significantly affected the
rheological behavior of the PCE mixtures. Accordingly, the mixtures P37 and P49, exhibiting the
highest PI values (11% for both) among the PCE-based mixtures, showed significant nonlinear
viscoplastic behavior, even more than the mixture P17. High PI values can reflect the high specific
surface area of the incorporated earth, which induces higher water absorption, nucleation promotion,
and flocculation [22]. It must also be noted that the effect of very fine particles on stiffening can be
attenuated due to the breakage of the flocs [51]. Therefore, the admixture type and its sensitivity to
clay or water content dictate the rheological behavior of the self-consolidating paste mixtures.
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Fig. 7. Flow curves of the paste mixtures P17, P37, P49, and P25.

It is worth mentioning that all the rheological measurements were carried out on the paste mixtures
having a MSF of 280 + 20 mm. Although the use of Herschel-Bulkley model resulted in better fitting,
the Bingham parameters were discussed here for comparison purposes. The Bingham yield stress and
plastic viscosity of the PCE paste mixtures are presented in Fig. 8. As can be observed, the mixtures
P37 and P49 made with Clay Type II (i.e., higher specific surface area and PI) showed the highest
yield stress values due to the significant effect of Clay Type II. The PI values of the incorporated earth
types showed a significant effect on yield stress values of the PCE-based mixtures. For example, the
PCE mixture made with Clay Type I and low PI values (less than 4%) exhibited comparable yield
stress values. All these mixtures exhibited yield stress values less than 20 Pa with low increasing rate.
However, the highest yield stress value among the PCE-Clay Type I-based mixtures was obtained for
the mixture P16 with relatively higher PI value than that of the P15 and P22 mixtures. On the other
hand, the plastic viscosity values were found highly affected by W/P. As can be observed in Fig. 8,
among the PCE mixtures proportioned with Clay Types I and II, the P16 and P22 (Clay Type I), and
P37 and P49 (Clay Type II) showed the lowest and highest plastic viscosity values, respectively,
which is probably due to the W/P. Hence, it can be concluded that the yield stress and plastic viscosity
of the mixtures containing PCE mostly governed by clay type/content (PI values) and W/P,
respectively.
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Fig. 8. Bingham rheological parameters of the PCE paste mixtures, including (a) yield stress and (b) plastic
viscosity.

As shown in Fig. 9, the yield stress of the paste mixtures proportioned with PNS admixture were
found to be dependent on the coupled effect of clay type/content and W/P. As can be observed,
despite its higher W/P, the mixture P32 exhibited the highest yield stress values and increasing rate
over time rather than the mixtures P44 and P26. This can confirm the coupled contribution of clay and
water on yield stress of the mixtures containing PNS. It must be noted that applying the Bingham
model for the P17 mixture (Fig. 9) resulted in untrustworthy results compared to other mixtures (low
R? value of 0.63). Therefore, among the paste mixtures proportioned with PNS and Clay Type I,
excluding P17, the mixture P11 showed the highest yield stress value despite its relatively higher W/P
of 0.40 compared to the P10 and P23 mixtures. However, unlike the yield stress values, lower plastic
viscosity values were obtained for the paste mixtures proportioned with higher W/P. Accordingly,
among the Clay Type I-based paste mixtures, the mixture P10 exhibited the highest plastic viscosity
due to its lowest W/P of 0.3. Similarly for the Clay Type IlI-based mixtures, the lowest plastic
viscosity value was obtained for the mixture P32 made with the highest W/P. Hence, it can be
concluded that the yield stress values of the PNS-dispersed paste mixtures were more influenced due
to their water content compared to those proportioned with the PCE admixture. However, the plastic
viscosity values of the PCE- and PNS-based mixtures showed comparable sensitivities due to W/P
variations.
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Fig. 9. Bingham rheological parameters of the PNS paste mixtures, including (a) yield stress and (b) plastic
viscosity.

As can be observed in Fig. 10, the use of NE-PC led to significantly lower values and increasing rates
of yield stress over time (less than 20 Pa after 60 min) rather than those obtained using the PCE and
PNS admixtures. Among the NE-PC-contained paste mixtures, the mixture P6 exhibited the lowest
yield stress which is due to its lowest clay content. However, similar to other admixtures, the plastic
viscosity values of the NE-PC-based paste mixtures were mostly controlled by W/P. Accordingly, the
mixture P18 exhibited the highest plastic viscosity value due to its lowest W/P of 0.30. On the other
hand, although the mixtures P24 and P45 were proportioned with a fixed W/P of 0.40, the mixture
P45 showed higher plastic viscosity than P24. This can be due to its higher PI value (11.8% vs. 7.1%),
hence reflecting the effect of clay type on plastic viscosity values. Due to the coupled effect of
influencing parameters affecting the rheological parameters, further investigation was required to
understand the significance of each factor.
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Fig. 10. Bingham rheological parameters of the NE-PC paste mixtures, including (a) yield stress and (b)
plastic viscosity.

3.2. Rheology of CEM mixtures

The workability and rheological measurements results of the investigated CEM mixtures are
summarized in Table 5. As can be observed, simultaneous incorporation of Clay Type II and PNS
admixture led to low flowability reflected by MSF values lower than the targeted value 280 + 20 mm.
This can reflect the incompatibility between the PNS admixture and Clay Type II. Furthermore, the
mixture M6, containing high content of silt, showed extensive segregations prior achieving the
targeted MSF. It is worth mentioning that rheological behavior of all the mixtures was well-fitted with
the Bingham model, excluding the mixture M25. Indeed, the mixture M25, proportioned with NaHMP
admixture, showed quite high shape stability, reflected by significantly higher values and increasing
rates of yield stress and plastic viscosity over time, rather than other mixtures. Accordingly, no flow
was recorded for the mixture M25 through the MVF (blockage) and MSF (no spread) tests. Such
shape  stability is  highly = favorable @ for  concrete = 3D-printing  applications.
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341 Table 5. Workability and rheological properties of the investigated CEM mixtures over time.

Bingham parameters
. . MSF (mm) MVEF (s)
Mix No. Clay type Admixture type 0 min 30 min 60 min
0 min 30 min 60 min 0 min 15 min 30 min 70 (Pa) up (Pa.s) 10 (Pa) 1y (Pa.s) 70 (Pa) up (Pa.s)
M6 NE-PC NA - - - - - - - - - - -
MI10 PNS 265 222 155 7.1 11.5 18.2 15.3 5.26 42.6 11.51 75.7 22.43
MIl1 PNS 269 236 193 3.2 3.9 44 35.8 3.69 52.6 4.77 66.6 6.18
MI12 NE-PC 266 259 238 1.5 1.9 24 17.0 1.11 22.0 1.86 26.2 3.31
M15 PCE 279 243 211 2.4 3.1 3.7 21.8 1.42 29.8 2.80 36.9 3.96
MIl6 Type I PCE 272 236 189 3.0 3.6 4.1 22.1 2.85 31.8 3.67 48.8 4.80
M17 PNS 263 223 156 1.0 1.7 2.1 37.9 1.02 56.2 1.68 71.6 2.99
MI18 NE-PC 265 261 248 9.9 11.0 13.5 12.4 7.09 16.5 11.16 23.5 21.12
M22 PCE 282 264 249 7.5 7.9 8.3 31.4 7.41 46.4 9.15 54.9 10.80
M23 PNS 264 232 171 33 4.3 10.9 41.6 3.12 68.4 5.02 82.8 12.67
M24 NE-PC 281 267 246 3.1 4.0 52 21.4 3.19 27.3 5.02 329 6.42
M25 NaHMP 263 100 100 2.0 blocked blocked 182.1 9.53 744.9 38.24 849.4 42.56
M26 PNS NA - - - - - - - - - - -
M32 PNS NA - - - - - - - - - - -
M37 PCE 286 209 171 2.5 3.6 42 47.7 5.17 81.9 6.01 121.9 8.15
Md4 Typell PNS NA ; ; ; ; ; - ; ; - - ;
M45 NE-PC 264 250 247 2.7 3.7 4.3 53.0 5.57 62.5 6.85 68.3 9.04
M49 PCE 270 201 184 2.2 5.6 8.4 85.2 4.82 102.5 8.83 149.1 15.93
M, - PCE 273 240 195 2.9 5.3 5.8 24.6 3.58 29.5 4.78 38.5 6.12

NA: Not achieved to the targeted MSF of 280 =20 mm
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The Bingham yield stress and plastic viscosity of the CEM mixtures dispersed with the PCE are
presented in Fig. 11. As can be observed, the results of the PCE-based CEM mixtures were
comparable to their corresponding paste mixtures in which M49 followed by M37 showed the highest
yield stress values (more than 40 Pa at t = 0). As discussed earlier, this is due to their high contents of
Clay Type II (high PI values). On the other hand, the mixtures containing the Clay Type I exhibited
almost comparable yield stress values (less than 40 Pa at t = 0). This can be due to the coupled effect
of clay type/content, W/P, and EP thickness on yield stress of the PCE-based mortar mixtures. The
contributions of these influencing parameters are discussed further in Section 3.4. However,
immediately after mixing, among all the PCE-based CEM mixtures, the mixture M22 showed the
highest plastic viscosity value which can be due to its lowest W/P of 0.30. It can confirm higher
contribution of W/P on plastic viscosity of the PCE-based mixtures, rather than binder composition.
Moreover, higher increasing rates of plastic viscosity values obtained for the mixture P49 can be
explained due to its lower W/P and egp, compared to the mixture P37.
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Fig. 11. Bingham (a) yield stress and (b) plastic viscosity of the PCE-contained CEM mixtures.
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The Bingham yield stress and plastic viscosity of the PNS-contained CEM mixtures over time are
illustrated in Fig. 12. As mentioned earlier, the PNS-Clay Type II CEM mixtures could not achieve
the targeted MSF of 280 + 20 mm. Therefore, only the results of the PNS-Clay Type I-based CEM
mixtures were discussed in this section. As can be observed, all these mixtures showed an initial yield
stress values lower than 40 Pa at t = 0. The plastic viscosity of the PNS-based CEM mixtures was
mainly controlled by the W/P, while the yield stress was affected by the clay type/content, W/P, and
EP thickness. Further discussions will be provided in Section 3.4. Among all the PNS-Clay Type I-
based CEM mixtures, the mixtures M10 and M17 showed the highest and lowest plastic viscosity
values due to their lowest and highest W/P of 0.30 and 0.50, respectively. Moreover, similarly to the
PCE-dispersed CEM mixtures, the highest increasing rate of plastic viscosity values was obtained for
the mixtures M 10 and M23 proportioned with the lowest W/P of 0.30 and 0.35, respectively.
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Fig. 12. Bingham (a) yield stress and (b) plastic viscosity of the PNS-contained CEM mixtures.
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As can be observed in Fig. 13, the mixture M45 exhibited the highest yield stress value among all the
NE-PC-based CEM mixtures due to its finer Clay Type II. This can be generally concluded that
regardless of the admixture type, all the CEM mixtures proportioned with the Clay Types I and II
showed initial yield stress values lower and higher than 40 Pa at t = 0, respectively. Moreover, the
values and increasing rates of the yield stress over time of the CEM mixtures dispersed with the NE-
PC admixture were found relatively lower than those obtained by incorporating the PNS and PCE
admixtures. This can be referred to the synergy of this linear type of PC with powder constituents of
the earth binders. The coupled effect of the mixture constituents on the yield stress values of the NE-
PC-based CEM mixtures are further discussed in Section 3.4. Moreover, similarly to other types of
admixtures, the plastic viscosity of the NE-PC-based CEM mixtures was found to be highly
dependent on W/P. Accordingly, the mixtures M12 and M18 showed the lowest and highest plastic
viscosity values due to their highest (0.45) and lowest (0.30) W/P, respectively.
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Fig. 13. Bingham (a) yield stress and (b) plastic viscosity of the NE-PC-contained CEM mixtures.
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Analysis of variance (ANOVA) was conducted to assess the contribution of the modeled factors on
the Bingham yield stress and plastic viscosity of the investigated CEM mixtures determined
immediately after mixing (i.e., t = 0). As summarized in Table 6, the yield stress is mainly affected by
admixture type, while the significance of W/P and Vp was relatively lower. However, W/P showed the
highest contribution on plastic viscosity. In addition to the effect of clay type/content, these
contributions are further discussed in Section 3.4.

Table 6. ANOVA analysis for the Bingham yield stress and plastic viscosity of CEM mixtures at t = 0.

Yield stress Plastic viscosity

Source — _—

Contribution (%) P-Value Contribution (%) P-Value
W/P 22.32 0.201 70.13 0.090
Vp 19.60 0.293 7.29 0.283
Admixture type 51.07 0.121 18.70 0.172
Error 7.01 3.88
Total 100.0 100.0

3.3. Rheology of SCEC mixtures

The rheometric results revealed that the Bingham model was well fitted to the shear stress-shear rate
data of the investigated SCEC mixtures. The workability and rheological properties of the four
investigated SCEC mixtures proportioned with PCE are summarized in Table 7. In addition to the
Bingham yield stress and plastic viscosity, the workability was assessed in terms of V-Funnel and
slump flow measurements.

Table 7. Experimental results of the investigated concrete mixtures.

Workability Rheological propertied (Bingham model)

Mix Admixture Slump flow (mm) V-Funnel (s) 0 min 30 min 60 min
No. type 0 30 6 0 30 6 w i o w o w

min min min min min min (Pa) (Pa.s) (Pa) (Pa.s) (Pa) (Pa.s)
Cl6 PCE 705 665 625 1.6 1.8 19 30.7 3.31 379 4.71 54.6 5.51
C22 PCE 820 780 732 4.2 44 4.7 49.5 9.95 57.0 10.10 64.6 12.18
C37 PCE 805 495 410 2.5 4.0 55 49.9 6.10 98.8 7.04 154.3 9.74
Cref PCE 730 645 610 1.5 3.1 32 34.1 5.74 39.9 6.05 51.1 7.09

The Bingham yield stress and plastic viscosity values of the investigate SCEC mixtures are presented
in Fig. 14. As can be observed, the mixtures C16 and C. showed comparable yield stress values,
despite their different binder constituents. This can highlight the coupled effect of different
influencing parameters, including S/A, W/P, and Vp, as well as content and type of the clay used.
Moreover, although the mixtures C22 and C37 exhibited comparable initial yield stress values after
mixing (t = 0), the yield stress values of the mixture C37 showed significantly higher increasing rate
over time. This is due to its finer clay particles and higher W/P. Furthermore, similarly to the
investigated paste and CEM mixtures, W/P was found as the most influencing factor on plastic
viscosity values of the investigated PCE-based SCEC mixtures. Accordingly, the mixture C22 with
the lowest W/P of 0.30 showed the highest plastic values among all the investigated SCEC mixtures.
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Fig. 14. Bingham (a) yield stress and (b) plastic viscosity of the investigated SCEC mixtures.

3.4. Multiscale approach to control rheology of SCEC

As discussed earlier, the rheology of self-consolidating earth-based cementitious suspensions is tricky
due to the presence of clay and silt particles. In order to facilitate the control, prediction, and
optimization of the rheological parameters, it is important to investigate the main influencing
parameters on rheology of these materials. Also, it is useful to establish relationships between
workability and rheology of SCEC and facilitate its design and achieving adequate rheological
properties. In this section, the coupled effect of different characteristics of mixture constituents on
rheological properties of the investigated SCEC, CEM, and paste mixtures was evaluated.
Accordingly, the following correlation was established between different workability and rheological
properties (Response) of the investigated mixtures and the main influencing parameters (a;), indicated
in the last section:

Response = a + B x [T, (a;™) 4)

where n is the number of influencing parameters a; - 1 © n, and a, B, and m; - | © » are the adjustment
factors which were determined for each “Response” using a developed Microsoft Excel solver. The
five influencing parameters a; - 1 5 included the PI and W/P in the paste mixtures, in addition to Vp
and egp in the CEM mixtures, and S/A in the investigated SCEC mixtures. It is worthy to mention that
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the effect of the type and content of the clay used on rheological properties of the investigated
mixtures was assessed using the PI values of the soil (clay, silt, and sand < 425 pm). The results of the
established correlations are summarized in Table 8, in terms of the obtained adjustment factors (a, j,
and m; - |  5). Moreover, the precision of the established predictions was evaluated by considering the
estimation index (EI), R?, and root-mean-square error (RMSE) values, as presented in Table 8. The EI
indices were defined as the mean value of the ratio between the predicted and experimental values. It
is important to mention that R? and EI values closer to unity and lower RMSE values correspond to
stronger agreement between the investigated flow performance responses and mixture constituent
parameters. The investigated “Responses” included the characteristics of the investigated mixtures in
different scales, as follow:

(i) Paste scale: The Bingham yield stress and plastic viscosity values, as well as the ratio of the
rheology-to-workability immediately after mixing (t = 0) of the investigated paste mixtures containing
different types of admixtures.

(i) CEM scale: The Bingham yield stress and plastic viscosity of the investigated CEM mixtures
immediately after mixing (t = 0), relative to those of their corresponding paste mixtures.

(iii) SCEC scale: The Bingham yield stress and plastic viscosity of the investigated SCEC mixtures
immediately after mixing (t = 0), relative to those of their corresponding CEM mixtures.

As can be observed in Table 8, the yield stress of the paste mixtures dispersed with the PCE and PNS
admixture types are in good agreements with the PI of their earth and W/P. According to the obtained
adjustment factors, the yield stress values of the PCE- and PNS-based paste mixtures were found to be
more controlled by PI and W/P, respectively. Moreover, the yield stress values of the NE-PC-based
mixtures were found highly dependent on the PI values. This can reveal the significant effect of the
type and content of the clay used, whereas W/P showed no contribution on the yield stress values of
the NE-PC-based mixtures. However, the W/P showed the most dominant effect on plastic viscosity
values of the investigated pastes, regardless of their admixture types.

The prediction of the rheological properties using the workability measurements can lead to easier
rheological evaluation rather than using sophisticated commercial rheometers [52]. As can be
observed in Table 8, the yield stress values of the investigated paste mixtures can be well predicted
using their corresponding MSF values as a function of the PI values, reflecting the characteristics of
the binder constituents, and W/P. The yield stress-MSF relationship of the PCE-based paste mixtures
was found highly dependent on the powder constituents, reflected by high adjustment factor obtained
for PI, whereas W/P showed no contribution. However, W/P showed more significant effect on the
yield stress-to-MSF ratios of the pastes proportioned with the PNS and NE-PC admixtures, rather than
PI of the used earths. On the other hand, the plastic viscosity values of the investigated paste mixtures,
proportioned with different types of admixtures, were found in good agreements with their
corresponding MCT values with a significant contribution of W/P, regardless of the PI values of their
corresponding earths.

Moreover, the yield stress values of the investigated CEM mixtures relative to those of their
corresponding paste mixtures were well correlated to W/P, eep, and PI values, in a descending order of
significance. On the other hand, the relative plastic viscosity values of the CEM mixtures to their
corresponding paste mixtures were found highly governed by Vp, followed by W/P and EP thickness,
whereas the PI values, as an indication of the binder composition, showed no contribution. The
independency of the plastic viscosity of the CEM mixtures to the fineness of the ternary binder system
was also observed and discussed in Section 3.2. On the other hand, as shown in Table 8, the
rheological properties of the investigated SCEC mixtures can be well predicted using those of their
corresponding CEM mixtures proportioned using the proposed approach. The established predictions
were found significantly dependent on the egp and S/A values, in a descending order of significance
(R? and EI values close to unity and low RMSE). This suggests the high potential of the new proposed
CEM approach to simulate the rheological properties of the SCEC mixtures.
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Table 8. Adjustment factors and prediction precisions of the established correlations (Eq. 4).

Adjustment factors

Precision
Response B m;
o
PI (%) W/P Vr (%) egp (Mm) S/A EI R? RMSE
To.pce (Pa) 11.01 0.006 3.053 -2.168 - - - 0.995 0.997 2315
To-pns (Pa) 9.784 1927.6 2.507 10.599 - - - 0.949 0.953 5.535
To-ne-pc (P2) 0 3.8593 0.594 0 - - - 0.976 0.979 1.769
Up-pce (Pa.s) 0.273 4.5E-5 1.683 -5.91 - - - 0.978 0.982 0.876
Up-pxs (Pa.s) 0.342 7.8E-7 1.220 -10.386 - - - 0.974 0.979 0.136
Up-ne-pc (Pa.s) 0 0.009 0.301 -3.403 - - - 0.96 0.971 0.100
T(H’CE (Pa)
_— 0.034 0.001 2.298 0 - - - 0.98 0.972 0.023
MSEF .. (mm)
8 T(],y\]; (Pa)
2 0.035 7.13 2.663 10.965 - - - 0.95 0.963 0.020
A~ MSF(WNS (1’1’11’1’1)
T(IV\IEVPC (Pa)
—_— 0.001 0.064 0.522 1.562 - - - 0.997 0.992 0.002
MSF(H\'E—PC (mm)
p(Pas)
e 0 0.004 0 -1.417 - - - 0.932 0.951 0.004
MCT,,, (s)
p (Pas)
e 0.018 8.1E-8 0 -10.731 - - - 0.852 0.965 0.008
MCTU'R\!S (S)
u_(Pas)
e 0.001 3.8E-4 0 -3.594 - - - 0.971 0.969 0.003
MCTU'.\IE'PC (S)
T (PR)
—_— 1.612 4.888 13.204 -52.576 0 -20.546 - 0.968 0.974 0.59
S T,,. (Pa)
o M -CEM (Pa.s)
_— 6.979 1.5E47 0 -4.331 -27.015 -2.004 - 0.922 0.916 2.015
Mo (Pa.s)
Ty coneee (P)
e 1.218 2.5E-10 0 0 0 6.288 15.159 0.995 0.991 0.161
8 TUCEM (Pa)
G u_ . (Pas)
e 1.228 14.256 0 0 0 -7.170 -37.952 0.997 0.993 0.071
u  (Pas)

pCEM

4. Conclusions

In this study, the rheological properties of the SCEC mixtures were investigated in three different
scales of paste, CEM, and concrete. The coupled effect of different mixture constituents, including
binder composition (type and content of clay, silt, and cement content), Vp, W/P, S/A, EP thickness,
and admixture type on rheological properties of the investigated paste, CEM, and SCEC mixtures
were evaluated. It should be noted that the plasticity index (PI) was used as the representative
characteristic of soil types used which is affected by the fine particles (especially the type and content
of clay). The evolution of rheological properties of the investigated SCEC mixtures containing
different soil types was compared with those of a reference SCC mixture. Considering the effect of EP
thickness, a new CEM approach was proposed to predict the characteristics of the SCEC mixtures in
fresh state. The rheological measurements carried out on the investigated mixtures included the
viscoplastic properties (yield stress and plastic viscosity) and thixotropy. According to the
experimental results, the following concluding remarks can be pointed out:

* The admixture type showed the major effect on the thixotropic or rheopectic behavior of the
investigated self-consolidating earth paste mixtures. All the investigated paste mixtures
showed rheopectic behavior except those proportioned with PNS admixture and Clay Type II,
as well as the one dispersed using the NE-PC admixture.

* The highest thixotropy response was obtained for the paste mixture proportioned with the
highest content of the finer Clay Type II. On the other hand, the highest rheopectic behavior
was observed for the mixtures P49 and P37 proportioned with PCE admixture and Clay Type
I, as well as the mixture P25  dispersed using the NaHMP.
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* The admixture and clay types showed the most significant effect on viscoplastic properties of
the investigated mixtures. The mixtures proportioned with NaHMP and Clay Type II
exhibited the highest yield stress and plastic viscosity values. Moreover, the paste and CEM
mixtures containing the NE-PC admixture exhibited relatively lower values and increasing
rates of yield stress over time, compared to those proportioned with the PNS and PCE
admixtures.

* The yield stress of the investigated paste, CEM, and SCEC mixtures was influenced by the
coupled effect of the content and type of clay and W/P. All the CEM mixtures proportioned
with the Clay Types I and II exhibited initial yield stress values lower and higher than 40 Pa,
respectively, except the one made with NaHMP. In concrete scale, the use of the Clay Type II
led to higher values and increasing rates of yield stress over time. However, the plastic
viscosity values were mostly governed by W/P following an inverse-proportional relationship.

* A multiscale approach was proposed to control the rheological properties of SCEC mixtures
from their corresponding paste and CEM matrices. The rheological properties of SCEC
mixtures were successfully predicted using those of their corresponding CEM mixtures, EP
thickness, and S/A. The relative rheological properties of the investigated CEM mixtures to
their corresponding paste mixtures were found in good agreements with the Vp and EP
thickness values.
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Appendix

Particle-size distribution and surface area-to-volume ratio (Asp/V) of sand and gravel are summarized
in Table 1A. As can be observed, the Asp/V ratios of sand and gravel were calculated by the
summation of the corresponding ratios of each of their corresponding subclasses.

Table 1A. Particle-size distribution and surface area-to-volume ratio (Asp/V) of sand and gravel.

Sand Gravel
Sieve size range Vol - Surface area-to- A;p/V for each Vol - Surface area-to- A;p/V for each
(mm) § ° Eme (ro;c) volume ratio subclass § ° Eme (ro;c) volume ratio subclass
Traction (7 (AsD/V) (mz/m3) (mZ/mB) Traction (7 (A3D/V) (mz/mz) (mZ/m3)
10-14 - - - 18.3 637 116.6
5-10 4.45 1125 50.1 71.2 735 523.3
2.5-5 10.41 1403 146.1 5.4 1404 75.8
1.25-2.5 14.32 2963 424.3 5.1 2 825 144.1
0.630-1.25 19.03 11 813 2248.0 - - -
0.315-0.630 27.45 19967 5480.9 - - -
0.160-0.315 18.44 50 729 8783.1 - - -
0.080-0.160 5.78 74 026 4278.7 - - -
0-0.080 0.12 143 499 172.2 - - -
TOTAL 100 21583.4 100 859.8
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From different constituents to multiscale rheology of SCEC

Influencing parameters on multiscale rheological properties
1. Paste 2.CEM 3. SCEC
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