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a b s t r a c t

The dynamic and static yield stress of fresh cement mortar were measured in a rotational rheometer

with a vane geometry using shear rate and shear stress-controlled protocols, respectively. Through a

shear rate-controlled steady-state protocol, the equilibrium flow curve is measured and fitted with the

Bingham model to obtain dynamic yield stress. A negative slope in the equilibrium flow curve, shear

banding and stick-slip phenomena are observed and discussed. Through a stress-controlled creep-re-

covery protocol, viscosity bifurcation behavior is captured and static yield stress is marked as the creep

stress when the bifurcation occurs. Finally, the discrepancy between dynamic and static yield stress is

tied to thixotropy.

© 2017 Published by Elsevier Ltd.

1. Introduction

Yield stress has been extensively studied in non-Newtonian

fluids, including colloidal gel, bentonite, polymer suspension,

food, paints, waxy crude oil, pastes, and foams [1e5]. Specifically in

cementitious materials, yield stress is important in quantifying

flowability [6] and is correlated to conventional field-friendly

measurement methods such as the slump and slump flow test,

both experimentally and in simulation [7e10].

As a commonmethod to obtain yield stress, an equilibrium flow

curve is plotted as the equilibrium shear stress e shear rate rela-

tionship. Since the publication of the Bingham model [11], many

models have been proposed to describe the equilibrium flow curve.

One of the most common models for cementitious materials is the

Binghammodel [12e14], s ¼ sy þ hpl _g, where s is the shear stress,
_g is the shear rate, sy is the Bingham yield stress and hpl is the

plastic viscosity. As a linear model, it is unable to capture shear

thinning and shear thickening behaviors that can be observed in

cementitious materials. Thus, the Herschel-Bulkley model is also

commonly used, s ¼ sy þ k _gn, where k and n are constants

describing material properties, and n < 1 for shear thinning and

n > 1 for shear thickening [15,16]. Studies by Yahia and Khayat [17]

show that a modified Bingham model, s ¼ sy þ hpl _g þ c _g2, also

provides a good description of non-linear flow behavior. With each

of these models, a measure of yield stress can be obtained.

The yield stress of cement paste originates from the micro-

structure of particle-particle network through colloidal interaction

or direct contact. The microstructure sustains a certain amount of

stress before it is broken down and starts to flow, which defines the

yield stress. At rest, the microstructure builds up due to colloidal

flocculation and cement hydration bonding, such as CSH bridges

[18], thus resulting in higher yield stress. Under shear flow, the

structure and bonding network is broken down, resulting in lower

yield stress. This property of fresh cementitious materials, i.e.

before setting, where the microstructure and yield stress changes

with flow history is termed thixotropy [19e22]. Roussel [18]

assumed that the hydration products, even at early ages, contrib-

utes to the structuration of fresh cement paste. Early hydration

products on the surface of cement particles bridge these particles

together to form a rigid network, which exhibits a relatively small

critical strain. In comparison, colloidal forces of cement powders

contribute to a softer network with a relatively higher critical

strain. These two networks both act as the origin of thixotropy of

cement paste. They also play a big role in structuration and yield

stress. Thus, yield stress and thixotropy are closely related [23,24].
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It could be reasoned that because of thixotropy there should be

more than one state of flocculation or microstructure when yield

stress is measured, depending on the flow history of the material.

Since generally the equilibrium shear stress increases with shear

rate, the yield stress measured through equilibrium flow curve is

regarded as the shear stress when shear rate is 0, so the minimum

stress to sustain or terminate the flow of the material. This is

commonly termed dynamic yield stress, and so is the yield stress

that is obtained through the aforementioned steady-state flow

models. Meanwhile, there exists a yield stress corresponding to a

state before the structure is broken down, so the stress necessary to

initiate flow, corresponding to a well-connected undisturbed

microstructure [23,25]. This is considered to be the static yield

stress. One method to measure the static yield stress is to apply

creep-recovery, which was implemented by Struble and Schultz

[15] and later by the authors [26]. This is a stress-controlled test

where the material will not flow until the applied creep stress is

higher than its static yield stress. The static yield stress is expected

to be higher than dynamic yield stress considering the corre-

sponding structural states. The existence of separate dynamic and

static yield stresses in the samematerial is known in cement-based

systems, as well as bentonite [27], paints [28] and waxy crude and

fuel oils [29].

Dynamic yield stress is commonly measured and studied

because the equilibrium flow curve is a convenient, well-

established method of shear rheological characterization. Mea-

surements taken in field tests [30], such as the slump flow test, are

also tied to dynamic yield stress [7,8,31]. Meanwhile, static yield

stress is also very important and critical for concrete rheology and

SCC studies. For example, formwork pressure [13,32e37], stability

[38], distinct layers casting [39] of SCC are closed related to struc-

tural rebuilding, which is directly related to static yield stress. Static

yield stress is also of great interest for 3D concrete printing appli-

cations [39,40].

In this study, flow behavior of mortar under constant shear rate

and constant stress is studied. Mortar systems are selected as they

exhibit both viscous and granular behavior, similar to concrete, but

can be probed with high precision rotational rheometers. Through

constant applied shear rate, the equilibrium flow curve and dy-

namic yield stress are obtained. Under constant applied stress,

performed in the creep-recovery protocol, static yield stress is

measured. The discrepancy between static and dynamic yield stress

is related to thixotropy and it is explicitly demonstrated and dis-

cussed that the dependence of measured yield stress on preshear

condition is due to thixotropy.

2. Material and procedures

The materials, rheometer, and mixing and testing protocols are

described in detail in another study [41] and only briefly explained

here.

All mortars are prepared with Type I Portland cement, oven-

dried sand between 0.6 and 1.18 mm in diameter, highly purified

attapulgite clay, i.e. nanoclay, and water are used. No chemical

admixtures are used. The water-to-cement ratio (W/C) is 0.5 by

mass. The sand-to-cement ratio (S/C) is set to 2:1 by mass, yielding

a sand volume fraction of approximately 48%. The sand is river

sand, sieved through ASTM #30 and #50 sieves, thus the diameter

is between 0.6 and 1.18 mm. The water absorption rate is 1.55%,

which is considered when proportioning to achieve the desired w/c

ratio. Nanoclay was incorporated into the mixes because previous

studies by the authors showed that it alleviates sand migration and

enhances static stability of fresh mortars [41]. Nanoclay is added at

0.5% bymass of cement, which is found to be sufficient in achieving

statically stable mixes with no visible signs of bleeding.

Nanoclay powder is first blended with water for 2 min to pro-

duce a suspension. Cement powder is slowly poured into the so-

lution and mixed at a speed of 136 rpm for 1 min, then at a higher

speed of 281 rpm for an additional 4 min. Then, sand is slowly

poured into the cement paste and hand-mixed in a randommanner

for 4 min. Immediately after mixing, the freshmortar is poured into

the construction cell. Before each test, the mortar is strongly

tampered by hand mixing in a random manner for 1 min to bring

the material to a destructed, homogeneous state. More detailed

discussion on the hand-mixing approach are presented in

Refs. [25,41].

The rheometer is a HAAKEMARS III rheometer. The construction

cell is a cylinder with the diameter of 74 mm and the height of

150 mm, with 24 profiles of 2 mm evenly distributed along the wall

to prevent wall slip. The rotor is a two blade vanewith a diameter of

52 mm and height of 50 mm. More details are provided in Ref. [41].

In this study, torque (mNm), angular velocity (rad/s) and angular

deformation (rad) are used. Other studies have focused on pro-

cessing raw data, such as torque and angular velocity to shear stress

and shear rate, respectively. The Reiner-Riwlin equation is

commonly used for this transformation [42], which assumes

Bingham behavior for flow. Because of the non-linear flow behavior

of cementitious materials, Feys et al. [43] extended the Reiner-

Riwlin equation and used a modified Bingham model to trans-

form raw coaxial cylinder data. Other methods such as Estelle et al.

[44] also use a linear model to process the transformation. How-

ever, due to the complexities of the flows observed (i.e. shear

banding, stick slip, shear localization), results are presented in

torque, angular velocity, and angular deformation. This is believed

to be sufficient for discussion of the presented work.

In all tests, at least three samples were tested and the average

was taken to be the representative value.

3. Measuring dynamic yield stress through shear rate-

controlled protocol

3.1. Equilibrium flow curve: using constant angular velocity

protocol

Here, dynamic yield stress is obtained by fitting the equilibrium

flow curve with a steady-state flow model. For each step, the fresh

mortar is subjected to 1 min of strong hand mixing, then a constant

angular velocity is applied for 60 s during which the corresponding

torque decay is recorded. For each run, the torque development

with time is as follows: the torque increases from 0 to a peak value

and then decreases to an equilibrium value over time, as shown in

Fig.1. Constant angular velocity is applied between 1 and 50 rad/se

it is verified that 60 s is sufficient to reach torque equilibrium

within this range. It is observed that the material response differs

between higher velocities, i.e. 7e50 rad/s, and intermediate ve-

locities, i.e. 1e7 rad/s.

From 7 to 50 rad/s, the equilibrium torque increases with

increasing angular velocity. The resultant equilibrium flow curve

can be obtained by plotting the equilibrium torque and corre-

sponding applied angular velocity, and is presented in Fig. 2. It is

depicted that from 7 rad/s to 50 rad/s the flow curve can be fitted

with the Bingham model:

T ¼ 0:5033,Uþ 41:72 (1)

where T is torque in mNm and U is angular velocity in rad/s. Ac-

cording to the fitting, with a R2 of 0.9741, 41.72mNm is the dynamic

yield stress.

It must be noted that shear-induced particle migration is a

critical issue in fresh mortar systems under flow and has long been
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observed and discussed [45e48]. Under shear, sand particles in the

paste matrix migrate from regions of high shear rate to low shear

rate. In this study, this translates to sand particles migrating from

the sheared region to the unsheared region, i.e. from the vane rotor

to the wall. Studies by Assaad et al. [13,49] showed that slotted

devices can help to mitigate migration of large particles. However,

in a separate study testing the samemortar system, the authors still

observed particle migration and proposed an empirical model to

quantify how its kinetics and magnitude are affected by various

parameters [41]. Based on those findings, here it is expected that

sand migration is occurring. So although the material reaches an

equilibrium state at each applied constant angular velocity and the

steady-state flow curve can be obtained, the dynamic yield stress is

likely an underestimation of the fresh mortar system had it

remained uniform. More work needs to be done to obtain repre-

sentative shear rheological measurements and to mitigate dynamic

segregation of mortars.

In contrast, between 1 and 7 rad/s, the equilibrium torque

decreases with increasing applied angular velocity, as shown in

Fig. 3. Combining the flow curve presented in Fig. 2, the full equi-

librium flow curve of the fresh mortar is shown in Fig. 4. Different

from most literature, we observe a negative slope in the equilib-

rium flow curve. Moller et al. [50] found this negative slope in soft

glassymaterials, such as foams, emulsions, and colloidal gels. To the

knowledge of the authors, a discussion or experimental results on a

negative slope in the equilibrium flow curve of cement-based

systems has not been published. Further, Moller et al. [50] did not

discuss the mechanisms underlying why shear stress is smaller at

higher applied shear rates.

It has been discussed and verified that for yield stress fluids (e.g.

clay suspension and carbopol gel), shear localization occurs

[50e52]. When the applied shear rate is below a critical value, only

part of the material in the vicinity of the surface of the rotor is

sheared while the rest remains unsheared. There is a critical radius,

rc, distinguishing these two regions. Through magnetic resonance

imaging (MRI), Jarny, Roussel et al. [52]. verified these phenomena

in white cement pastes. They measured the tangential speed of

cement paste in a rheometer with a couette geometry, as depicted

in Fig. 5. In steady state, the tangential speed of cement paste lin-

early decreases from the surface of the inner rotor and reaches zero

at rc. Since the differential of tangential speed over the radius is

linear, the effective shear rate is uniform throughout the entire

sheared region. Furthermore, at various angular velocities the

tangential speed profiles exhibit the same slope, which means that

the effective shear rate remains unchanged. The difference is that

with increasing angular velocity of the rotor rc increases, corre-

sponding to larger sheared region.

It is reasoned that for the fresh mortars tested in this study, at

low shear rates, i.e. 1e7 rad/s, shear localization occurs: only part of

the material in the vicinity of the rotor is sheared and the rest re-

mains unsheared. The increase in the apparent global shear rate

does not increase the effective shear rate of the sheared region e it

only increases the critical radius. As aforementioned, shear-induced

sand migration is expected to be occurring, even within this in-

termediate angular velocity range. So with increasing angular ve-

locity increasingly more material is sheared and, subsequently,

more sand migrates to the unsheared region, effectively lowering

the density and viscosity of the sheared region. Considering that

the effective shear rate at various applied angular velocities is the

same, the decrease in viscosity of the sheared region leads to a

Fig. 1. Stress development under constant shear rate.

Fig. 2. Equilibrium flow curve of mortar.

Fig. 3. Torque decay at constant angular velocity between 1 rad/s and 7 rad/s.
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decrease in torque. Thus shear localization and shear-induced sand

migration at least partially explains the negative slope observed in

the steady-state flow curve of fresh mortars.

3.2. Stick slip: flow behavior under low shear rate

At low applied angular velocity, 0.1 rad/s, the torque does not

develop continuously with shearing time, as shown in Fig. 6(a). The

torque increases linearly with time and then suddenly drops

incrementally. Concurrently, the rotational velocity of the rotor also

jumps from near 0 to a finite value and then back to 0 again.

Additionally, it can be seen from Fig. 6(b) that the angular defor-

mation of the rotor does not increase linearly with time. The

angular deformation is step-wise, where it increases incrementally

then remains nearly constant. These observations indicate that

stick slip, which is abrupt flow and stop, is occurring.

This stick slip behavior could be related to the phenomenon

theoretically described as shear banding by Coussot et al. [53]. At

the beginning of constant shear rate and shearing process, the

material is solid-like and fractures in the local “weak” regions

where the critical stress is exceeded. During fracture, the alignment

of material, especially granular particles in mortar, is adjusted. So

the sudden jump of angular velocity and torque is recorded. With

further shearing, stick slip occurs repeatedly because there are

many local “weak” regions fracturing one after another. So

compared with the material before shearing, there are many frac-

ture bands forming in the material.

If deformation due to stick slip is disregarded, the angular

deformation throughout the shearing period is very low. The slight

increase in angular deformation before the first stick slip occurs is

due to the viscoelastic deformation of the material. The angular

deformation before the first stick slip occurs can be considered as

the critical fracturing angular deformation, beyond which the

microstructure is broken and fracture occurs. It is averaged at

0.697 rad for the mortar system tested in this study, and will be tied

to static yield stress as measured by creep recovery protocol in

Section 4.2.

3.3. Theoretical discussion of material response under constant

shear rate

To sum up, as proposed by Coussot et al. [53] and further

Fig. 4. Complete equilibrium flow curve of mortar.

Fig. 5. Tangential velocity diagram under constant apparent shear rate, adopted from

Jarmy, Roussel et al. [40].

Fig. 6. Under applied angular velocity 0.1 rad/s, (a) angular velocity and torque

development; (b) angular velocity and angular deformation.
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confirmed by experiment results in this study, the stages of

deformation and corresponding viscoelastic regimes will be dis-

cussed. A schematic of deformation under increasing apparent

shear rate is shown in Fig. 7. When subjected to shear, the material

initially deforms as a viscoelastic jamming solid, exhibiting only a

finite shear deformation. Then, beyond a critical deformation, shear

behavior will differ depending on themagnitude of applied angular

velocity. At very low applied angular velocities, shear banding and

stick slip occur. At intermediate velocities, shear localization occurs

where part of the material near the rotor is sheared at a critical

effective shear rate while the rest remains unsheared. Within this

range, the critical radius increases with increasing angular velocity.

Finally, at sufficiently high velocities, the entire material is sheared

and the higher the applied angular velocity, the higher the effective

shear rate and torque. In other words, in this shear rate regime,

shear stress becomes a function of shear rate fitted with a Bingham

model.

4. Measuring static yield stress through shear stress-

controlled protocols

4.1. Stress growth protocol

The stress growth protocol is commonly implemented to mea-

sure static yield stress, where a linearly increasing shear stress is

applied and the shear strain is recorded. Once the structure is

broken and solid-liquid transition occurs, the strain dramatically

increases. Thus the corresponding applied stress is the static yield

stress. The protocol applied is shown in Fig. 8(a). Three increasing

rates of stress are applied: 20, 6.7 and 3.3 mNm/s. The results in

Fig. 8(b) show that the static yield stress values measured are 85,

110 and 140 mNm, respectively. It is apparent that the yield stress

measured by the linearly increasing stress protocol is highly

dependent on the increasing rate. The lower the loading rate, the

higher the measured yield stress. This can be attributed to thixot-

ropy and hydration: at lower loading rate, the material has more

time to rebuild its structure so the yield stress to break the structure

is higher.

4.2. Static yield stress: using creep recovery protocol

To eliminate the rate-dependence of the stress growth protocol,

we implement a creep-recovery protocol to measure static yield

stress, which was applied to paste systems in other work by the

authors [26]. Constant shear stress is applied and held for a period

of time, then completely removed. The resulting strain and strain

rate evolution are recorded. Within a certain range of applied tor-

ques, angular deformation eventually ceases during the creep step

and the material exhibits some degree of recovery, as shown in

Fig. 9. On the other hand, beyond a critical applied torque, the

material undergoes continuous deformation during creep and ex-

hibits no recovery, as shown in Fig. 10.

First, the creep portion of the protocol will be discussed.

Comparing (a) and (b) of Fig. 9, it is apparent that the angular

deformation reaches equilibrium at higher values when under

higher creep torque. Fig. 11 presents the equilibrium angular

deformation measured during the creep step at different applied

torques, capturing the linear and nonlinear regimes of creep

deformation. When torque is low (below 50 mNm in this study),

the creep behavior is linear. As can be seen in the inset of Fig. 11(a),

angular deformation is proportional to torque, which means the

creep compliance (the ratio of strain over stress, here angular

deformation over torque) is constant. With increasing torque the

angular deformation increases dramatically and reaches

Fig. 7. Schematic of deformation under increasing apparent shear rate.

Fig. 8. (a) Linearly increasing stress protocol and (b) corresponding angular defor-

mation vs torque results.
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equilibrium more rapidly, thus the creep behavior becomes highly

nonlinear, indicating yielding deformation. At a slightly higher

applied torque of 67.5 mNm, the linear increase of angular defor-

mation shows that the material is flowing, as shown in Fig. 10.

It is summarized that there are two critical torques during creep.

One is the critical linear-deformation torque, below which the

creep compliance is constant and independent of the applied

torquee50 mNm. The other is the critical shearing torque, beyond

which the material shears at a constant angular velocitye67.5

mNm. It is the latter, which is tied to static yield stress.

When the torque is released to 0 after the creep step, the angular

deformation will decrease, indicating recovery of structure. Due to

the viscoelastic and thixotropic properties of the material, the

angular deformation or strain does not recover fully to 100%. Here

the recovery percentage is quantified as

RP ¼
dcreep � drecovery

dcreep
�100 (2)

where dcreep and drecovery are the equilibrium angular deformation at

the end of creep protocol and recovery protocol.

It could be seen in Fig. 11(b) that within the critical linear-

deformation torque, 50 mNm in this study, the recovery percent-

age does not change much with increasing torque. And beyond that

the recovery percentage decreases with increasing torque,

Fig. 9. Creep recovery behavior of mortar under torque at (a) 50 mNm; (b) 67.3 mNm.

Fig. 10. Creep recovery behavior of mortar under torque at 67.5 mNm.

Fig. 11. (a) Angular deformation vs torque and (b) recovery percentage vs torque.
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indicating higher degree of structural breakdown of the material

during creep until reaching 0 at the critical shearing torque, which

is 67.5 mNm in this study. Beyond the critical shearing torque the

recovery rate is 0%, indicating continuous flow of the material and

no recovery after torque release.

Fig. 12 shows the development of angular velocities during

creep. It is apparent that bifurcation occurs, similar to the phe-

nomena described as viscosity bifurcation, or “avalanche behavior,”

by Coussot et al. [54]. The authors also found this phenomenon for

cement paste [26]. At torques lower than 67.3 mNm, the angular

velocity vanishes to zero. In contrast, at a slightly higher torque, for

instance 67.5 mNm, the angular velocity increases to a constant

elevated value. This angular velocity bifurcation marks a critical

shearing torque. It is noted that under an applied torque of 67.5

mNm the angular velocity reaches an equilibrium value averaged at

50.9 rad/s. Recalling the equilibrium flow curve fitted with the

Bingham model at 67.5 mNm the angular velocity is 51.2 rad/s,

confirming this regime is under steady-state flow and independent

of shear rate or stress control.

After a plateau in the beginning of creep, an abrupt transition of

angular velocity occurs. The angular velocity decreases 3 orders of

magnitude within 1 s at torques smaller than 67.3 mNm, indicating

that the system jams. At slightly higher torque, higher than the

critical shearing torque, the angular velocity increases to a constant,

elevated value, indicating that the system flows. Studies by Assaad

et al. [55] indicated that a slotted vane, as used in this study, helped

lead to abrupt breakdown of structure. Here, the transitional

angular deformation is recorded from Fig. 12, considered to be

when angular velocity becomes 20% higher or lower than the initial

plateau value at each creep torque. As shown in Fig. 13, the tran-

sitional angular deformations increase with increasing torque.

The critical fracturing angular deformation is a parameter

showing that the structure of the material is broken down. In this

study, it is measured at low shear rate 0.1 rad/s in Fig. 6(b) when the

first stick slip occurs due to shear banding, which is averaged at

0.697 rad. In Fig. 13, transitional angular deformations under

various torques are compared with the critical fracturing angular

deformation. For creep torques lower than 67.5 mNm, the transi-

tional angular deformation is smaller than the critical fracturing

angular deformation so the structure is not broken down and flow

stops. For creep torque higher than 67.5 mNm, the angular defor-

mation is higher than the critical fracturing angular deformation so

the structure starts to break down, solid-liquid transition occurs,

and the mortar continues flowing due to shear rejuvenation. Only

when applied creep stress exceeds the critical stress, 67.5 mNm in

this study, can solid-liquid transition occur and the flow continue.

Thus, the critical shearing torque, 67.5 mNm in this study, is the

static yield stress.

5. Thixotropy: connecting dynamic and static yield stress

For thixotropic systems like cement-based materials, creep

behavior will depend on the initial flocculation state. In section 3.1,

dynamic yield stress is obtained by fitting the equilibrium flow

curve with the Binghammodele41.72 mNm. Meanwhile, in section

4.2 static yield stress is obtained through the creep recovery pro-

tocole67.5 mNm. The reason why static yield stress is higher than

dynamic yield stress is because static yield stress corresponds to an

undisturbed, well-connected microstructure while dynamic yield

stress corresponds to a broken down microstructure. Thus, thix-

otropy is assumed to play a big role in the discrepancy between

static and dynamic yield stress. It is noted that through a simple

thixotropy model, Coussot et al. successfully modeled both the

negative slope of equilibrium flow curves and viscosity bifurcation

[56]. These two phenomena are associated with dynamic and static

yield stress measurements, respectively, thus further supporting

that yielding behavior is closely linked to thixotropy.

To investigate the relationship between thixotropy and yield

stress, we apply a protocol where the flocculation state of mortar is

brought to an equilibrium state under constant angular velocities

then subjected to creep, as shown in Fig. 14(a). The preshears are at

high and low applied angular velocities, 30 and 1 rad/s, which lead

to different flocculation states. And the creep torques are above and

below the static or dynamic yield stress.

Fig. 14(b) shows the results of creep when the material is

initially brought to equilibrium at 30 rad/s, which is higher than the

critical angular velocity (7 rad/s in this study) in the equilibrium

flow curve. The applied creep torques are higher and lower than the

dynamic yield stress. Recalling the dynamic yield stress was found

to be 41.7 mNm based on the Binghammodel, applied torques were

set to 50 and 40 mNm, respectively. When creep is applied at 50

mNm, the mortar continues flowing and stabilizes at 27.3 rad/s. InFig. 12. Angular velocity of mortar under creep at various torque values.

Fig. 13. Transitional angular deformation of mortar under constant torque compared

to critical fracturing angular deformation.
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contrast, at 40 mNm the angular velocity decreases to zero.

The creep behavior of mortar when it is brought to equilibrium

under 1 rad/s, a lower angular velocity than the critical value in the

equilibrium flow curve, is shown in Fig. 14(c). The applied torques

for creep are below and above the static yield stress, 50 and 67.5

mNm, respectively. At 50 mNm the angular velocity decreases to

zero, indicating the material stops flowing. In the previous case, as

shown in Fig. 14(b), where the material is strongly presheared at

30 rad/s, 50mNm is strong enough to break down the structure and

keep flowing. However, in the case where the material is not

strongly presheared, 50 mNm is not sufficient to break the micro-

structure of the material. It should be noted that 50 mNm is above

the dynamic yield stress and below the static yield stress. When

creep is applied at 67.5 mNm, which is higher than the static yield

stress, the mortar continues to flow and the angular velocity in-

creases to approximately 50 rad/s.

6. Conclusions

Dynamic yield stress and static yield stress of mortars are

measured through constant applied angular velocity and creep

recovery, respectively. A negative slope is captured in the steady-

state equilibrium flow curve. Two possible mechanisms, shear

localization and sand shear migration, are discussed to explain the

negative slope. The flow behavior under constant angular velocity

varies depending on angular velocity: at low angular velocities,

shear banding and stick slip occur; at medium angular velocities,

shear localization occurs and the equilibrium torque decreases with

angular velocity; at high angular velocities, the equilibrium torque

increases with angular velocity. Dynamic yield stress is obtained

through fitting the flow curve at high angular velocities with the

Bingham model.

Bifurcation behavior is observed during the creep recovery test.

Under low torque, the angular deformation reaches equilibrium

after sufficient creep time, showing the flow stops eventually. The

equilibrium angular deformation increases with increasing creep

torque until a critical point is reached, beyond which only a slight

increase in torque causes the angular deformation to increase

dramatically and continue to increase, showing the flow continues.

In terms of angular velocity, it either decreases to null or increases

to an elevated value, indicating flow stops or continues, respec-

tively. This bifurcation behavior is tied to static yield stress.

Finally, using a preshear-creep protocol, it is observed that un-

der different preshear conditions the mortar exhibits different

creep behavior and the discrepancy in static and dynamic yield

stress is related to thixotropy. The apparent dependence of creep

behavior on preshear condition underscores the importance of

considering thixotropy and the flocculation state in characterizing

viscoelastic properties.
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