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Abstract
Fresh concrete needs vibration to compact, fill theuld and reach a dense state.
During the compaction process, coarse aggregatés) (end to settle, affecting the
homogeneity and eventually the long-term durabitifyhardened concrete. In this
study, a 3-D, multi-phase numerical model for fresincrete is developed for better
understanding the CA settlement under vibratione Shttlement rate of the CA in
vibrated concrete is considered based on the Stakesnd the calibrated rheological
parameter of mixtures is determined by the segrdesiteving method. The model
prediction shows that the vibration time has theatgst effect on CA settlement,
followed by the particle size of CAs, whereas thengity of CAs and the plastic
viscosity of mixtures contribute a little comparedth the aforementioned factors.
Through experimental tests, the validity of predictresults is well verified. The
proposed model provides a new method to understaddestimate the settlement

behaviour of CAs.

Keywords: CA settlement; Fresh concrete; Vibration; Rheojogymerical model;

Grey relational analysis
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1. Introduction

In general, concrete comprises cement as a bindéural sand and gravel as
aggregates, and mixing water together with chenadanixtures. With the hydration
reaction of cementitious materials, fresh concneti gradually develop from a
viscoplastic cohesive process to a viscoelastiddrang process [1]. The stability of
fresh concrete refers to its ability to maintaie tmiform distribution of constituents
during transport, casting and compacting [2]. Ire throcess of consolidation,
vibration helps to remove entrapped air voids amgrove the compactness of
concrete, but also causes the relative movement radistribution of various
components of mixtures due to the insufficient cidre and density difference [3,4].
Notably, high-frequency vibration-induced settleinef coarse aggregates (CAS)
greatly increases the heterogeneity of fresh com¢be-7]. At present, among various
types of concretes, only self-compacting concretth wptimum flowability and
viscosity does not need to be vibrated during pressd [8]. It can be seen that the
vibrating process still remains a necessary stepast cases.

The rheological behaviour of vibrated fresh conefeds been reported in some
previous studies. Tattersall and Baker [9,10] hiblel view that fresh concrete no
longer behaved as a Bingham model when exposedbtation, but approximately
followed a power-law pseudoplastic model with zgiedd value. When the shear rate
was rather low, it could be considered as a Newtofiuid. Hu and de Larrard [11]
pointed out that vibration greatly decreased tieddystress, and sometimes even made

it practically disappear, which caused the CAs dttles Nevertheless, the plastic
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viscosity was reduced a little or seemed unaffestadetimes by external vibration.
Esmaeilkhanian et al. [12] indicated that vibratimould decrease the “internal
friction” of concrete mixtures, which promoted simix of CAs under the action of
gravity. Pichler et al. [13] highlighted again ththe apparent flowing behaviour of
fresh cement-based materials under vibration cbeldlescribed using a power-law
model with shear-thinning nature.

The settlement of CAs has an adverse impact osulface appearance, design
strength and durability of hardened concrete. Tha&y/ cause significant problems,
such as the decline in mechanical strength, ineckakrinkage and cracking, and the
reduction of chemical erosion resistance, all oficlwhare detrimental to the
performance of reinforced concrete structures [1412owever, due to the opacity of
concrete, the direct observation of CA settlemeith vnaked eye is impossible.
Therefore, some special experimental techniques baen proposed to characterize
the settlement phenomenon. Petrou et al. [22] dioited a radioactive element
labelling method that utilized nuclear medicinehtemlogy to monitor the deposition
of CAs in vibrated concrete. Koch et al. [23] andrTet al. [24] used carbomer gel to
prepare a transparent paste, and visually obseahedettlement and segregation of
fresh concrete. After concrete hardening, Barbdsal.€25], Navarrete and Lopez
[26], and Nili et al. [27] cut the specimen and lgsad the CA distribution through
image processing. Benaicha et al. [28] proposedethad based on the ultrasonic
velocity to estimate the homogeneity and qualitgarfcrete at early age. Through the

electrical conductivity method, Khayat et al. [2@ferted the electrode pairs at

3



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

different heights of concrete specimen to assess uttiformity of CA content.
Furthermore, a technique of gamma-ray attenuatas adapted by Vanhove et al. [30]
and Gokce et al. [31] to measure the distributib@As in concrete.

In summary, the instability caused by vibratiom isritical issue in fresh concrete,
and it is necessary to present a convenient anghlvimethodology to reveal the
problem of CA settlement in vibrated concrete.doent years, the theoretical models
of rheological properties of cement-based matet@ge been extensively studied
[32—-37]. However, these developments have not Bpphed on the evaluation of CA
settlement, and most knowledge is still based greemental observations described
above.

Therefore, the main objective of this study is avelop a rational and reliable
numerical model to investigate the settlement oECBxperiments are also designed
to verify the validity of the model prediction, leason the segmented sieving method.
Parametric studies of influencing factors suchhasvibration time, the properties of
CAs and the plastic viscosity of mixtures on CAtlseetent are performed and
discussed, and grey relational analysis is putdodwo compare the influence level of
these factors. The proposed model for CA settlero@minot only save time, workload
and raw materials, but also provide a potentialr@@gh to visualize the CA
movement and a complementary tool to adequatelyenstahd and estimate the

settlement behaviour of CAs in vibrated concrete.
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2. Experimental details
2.1. Materials and mixtures

P.O 42.5R ordinary Portland cement (OPC) conforniin@hinese standard GB
175-2007 with a density of 3020 kgfrand a Blaine specific surface area of 340
m?/kg was used to prepare the concrete mixturesaSilime (SF), with a density of
2200 kg/ni and a Blaine specific surface area of 222Gfkgy was used to replace a
certain amount of OPC. The chemical composition©BC and SF determined by
X-ray fluorescence (XRF) are given in Table 1. Rigand was used as the fine
aggregate, with the apparent density of 2690 Rgamd the fineness modulus of 2.9.
Crushed limestone with a particle size of 5-20 mas wsed as the CA, with an
apparent density of 2670 kgimand approximately regular spherical shape. Particl
size distribution of raw materials is presentedrig. 1, where OPC and SF were
measured by laser granulometry, and river sandiarestone CA were measured by
sieving method. High-performance polycarboxylatpesplasticizer was used in the
mixtures to adjust the workabilityts specific gravity, water reduction rate, solid

content and pH were equal to 1.09, 40%, 42% andé&spectively.

Table 1 Chemical compositions of OPC and SF (wt%).

Cementitious Alkali Loss on
CaO SiO, Al,0;3 Fe0O; MgO SO
materials content ignition
OPC 58.99 22.02 6.19 265 253 267 0.70 3.08

SF 0.76 8742 029 175 249 048 - 3.30
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Fig. 1. Particle size distribution of raw materials

Prior works [9—11] showed that vibration could chanhe rheological behaviour
of fresh concrete from a thixotropic fluid with {destress to a non-thixotropic fluid
with a very low or even negligible yield stressual At this time, the CA settlement
mainly depended on the plastic viscosity of mixsuaad had no relation to the yield
stress [8,22,38,39], and a higher viscosity helpedease the settlement velocity of
CAs [40,41]. Hence, three concrete mixtures wittiedent plastic viscosities were
designed by adjusting the dosage of SF. The mip@tmns of concrete shown in
Table 2 were obtained through multiple experime#shong them, the first was
normal concrete (NC), and the second and third @&feto replace 5% and 10% of
OPC by mass, respectively, to obtain mixtures wiitgher plastic viscosities. The

water to binder ratio (w/b) was controlled at 0.40d the dosage of superplasticizer

was 0.5% of cementitious materials by mass.
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Table 2 Mix proportions of concrete (kgim

Group w/b  OPC SF River sand Limestone  Water Sugstipizer
NC 0.40 400.0 - 736.0 1104.0 160.0 2.0
NC-5%SF 0.40 380.0 20.0 736.0 1104.0 160.0 2.0
NC-10%SF 0.40 360.0 40.0 736.0 1104.0 160.0 2.0

2.2. Properties of fresh concrete
The main properties of these three groups of comenextures are listed in Table

3. The apparent density, air content, slump, slfloyp and bleeding rate were tested
according to the Chinese standard GB/T 50080-20h6. rheological parameters of
fresh concrete were measured by the ICAR conchetemeter produced in Denmark.
In the flow curve test, the initial speed is 0.58,rthe final speed is 0.05 rps, the
number of testing points is 7, and the duratioradth point is 5 s. The yield stress
and plastic viscosity of concrete mixtures werewlated from the flow curve based
on the Bingham model, as shown in Eqg. (1).

T=1,+n,y 1)
wherez is the shear stress, is the yield stressy, is the plastic viscosity, angt is

the shear rate.
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Table 3 Main properties of fresh concrete.

Apparent Air Slump  Bleeding Yield Plastic
Slump
Group density content flow rate stress  viscosity
(mm)
(kg/nr’) (%) (mm) (%) (Pa) (Pa-s)
NC 2410 25 185 530 5.7 466.2 45.0
NC-5%SF 2400 2.3 175 510 4.9 527.9 48.4
NC-10%SF 2395 2.2 160 490 4.3 560.5 51.3

2.3. Evaluation of CA settlement

A method of segmented sieving was put forward taliete the settlement of
CAs in the experiment. The schematic diagram okgrpental steps is exhibited in
Fig. 2. Here, a prismatic wooden mould with a cresstion of 150 mm x 150 mm
and a height of 500 mm was customized. The woodands were fixed by bolts, and
the joints were coated with silicone gel to preMeakage. A poker vibrator was used
for vibrating and compacting, and its basic paramsetire given in Table 4. The
specimens were vibrated for 5 s, 15 s and 25 peotisely. Note that the effective
working radius of the vibrator used in experimen600 mm, which is much larger
than the cross-sectional size of specimen, andvithating rod moves across the
entire cross section to work during the vibratidierefore, it is assumed that the
vibration energy does not attenuate within the eamigspecimen, that is, the vibration
amplitude and frequency of all particles in fresinarete are approximately the same.

In the test, the right amount of fresh concrete pagred into the mould. After
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the vibration, the top of the mould was coveredhvétwooden board and fastened
with bolts. Then the mould was slowly rotated by &@m the original position, and
the side wall was taken off. Next, four pieces adtah slides were inserted vertically
along the designed iron grooves. The concrete magtwere equally divided in five
layers along the casting direction. Subsequentig tover and partitions were
removed in proper order. Concrete mixtures of dagér were poured into a 4.75 mm
sieve to rinse to remove mortars. Finally, thedesl CAs were dried and weighed to
calculate the CA mass percentage of each laydeispecimen (see Eq. (2)).
p=(i=1,2343 )
M
whereP; is the mass percentage of CAs in itk layer,m is the mass of CAs in the

i-th layer, andM is the total mass of all CAs in the specimen.

Fresh concrete Vibrate Fix cover

_\/ b Take off side

Casting direction

i

Push partitions in

- 150
(All dimensions in mm)
Remove cover and
Washing partitions in turn
Concrete mixture

A
Water
Coarse aggregate
i ON\|@\ |G\ |O\|®

Weigh

4.75 mm sieve

Take out concrete

Fig. 2. Testing procedure of segmented sieving atkth
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Table 4 Basic parameters of the poker vibrator.

Rod length Rod diameter Power Amplitude Frequency
Type
(mm) (mm) (W) (mm) (Hz)
YFY-01-35 1000 35 900 0.8 230

2.4. Analysis of experimental results

Fig. 3 illustrates the results of CA distributiolorag casting direction measured
by the segmented sieving method. In order to ebwteirthe experimental errors and
ensure the repeatability of this method, eachressilt was determined by the average
of multiple groups of fresh concrete mixtures. dult be observed that, during the
vibrating procedure, CAs were gradually depositedhie bottom layer of concrete
mixtures under the action of gravity. At the sanmeet cement pastes and bleeding
water migrated upwards because of the buoyancegr Afbrating, settlement caused a
significant decrease in CA content of the top tageks. For the bottom part of
specimen, the content of CAs increased, but thetiam was not as obvious as the
reduction in the top part. It was because a pai€A$ gradually formed the close
packing in the bottom area after settling for aaardistance. The subsequent CAs
accumulated in the middle part of specimen, caugiegCA mass percentages of the
second and third layers to be close to that offitise layer. The usage of SF could
increase the plastic viscosity of fresh cementgimaterials [42—44]. It improved the

stability of fresh concrete and mitigated the setttnt of CAd0 a certain extent.

10



165 Besides, the larger dosage of SF had a more gignifimitigation effect on
166 sedimentation phenomenon.
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168 Fig. 3. Experimental results of CA settlement.
169
170 The degree of CA settlement is defined by the stehdeviation of the CA mass
171 percentage of each layer in the specimen, calaubateording to Eq. (3). It can reflect
172 the overall distribution of CAs, and the higherualndicates that the settlement and
173 heterogeneous distribution of CAs are more sigaific
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3)
whereSis the degree of settlemef,is the mass percentage of CAs in ithle layer,
P is the average of CA mass percentage of each leyech is 20%, and is the
number of layers, which is 5.

The variation of the settlement degree of CAs witiration time is displayed in
Fig. 4.1t could be clearly understood from the figure tbate vibration started, CAs
appeared unevenly distributed along the castingction, and the heterogeneity of
CA distribution progressively increasesdding SF into the concrete mixtures could
enhance the plastic viscosity, and reduce theesattht degree by 12.67%—45.33%
compared with NC. In addition, a part of CAs fornted dense packing and stopped
moving in the bottom part of specimen after a ¢enteriod of vibrating, thereby the

increase in the degree of CA settlement graduadigkened with the vibration time.

40

—a— NC
[ —8— NC-5%SF
30} —&— NC-10%SF

35

25|

20F

15

Degree of settlement

10 |

0 5 10 15 20 25 30
Vibration time (s)

Fig. 4. Experimental results of the degree of Cilexment.
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3. Numerical model
3.1. Modelling approach

Numerical studies can provide accurate models dtipteuscales to reflect the
material compositions and meso/micro structuresootrete [45—-47]. In this study, a
3-D fresh concrete model is established at mesasdeyel, as shown in Fig. 5(a).
The concrete is considered as a two-phase compusiterising CAs and mortars to
facilitate the understanding of the settlement beha of CAs. The size of geometric
model of the prismatic concrete specimen is 150 mib50 mm x 500 mm. The
particle size of spherical CAs in the model is 5#2®, which is randomly generated
according to the Fuller curve, and the volume foactof CAs is 45%. These
parameters are the same as the experiments.

Due to the relatively large size of the model,ahtains too much CAs, which
will block each other in the line of sight. For adirect observation of the process
of CA settlement, we extract some 2-D slices frév@ 3-D model along the vertical
direction and find that the CA settlement in ealibesis similar. In consequence, a
slice in the middle of 3-D model is extracted \eally for the visual analysis (see Fig.
5(b)). Of course, the calculation of CA contenttriistion is still based on the 3-D
model. It can be seen from the figure that aftesting and before vibrating, CAs are

randomly and uniformly distributed in concrete.

13
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Fig. 5. Schematic diagram of geometric model (@iehsions in mm).

It is generally believed that the yield stress pagvent CAs from settling in an

undisturbed mortar matrix [22,39], but the yielcest is known to decrease to a very

low value or even disappear at vibrating statetaelastic viscosity plays a decisive

role in the settlement of CAs at this time [9-11448. Assuming that the yield stress

is reduced to zero, a single CA patrticle is mamiypjected to three forces: gravity,

buoyancy and viscous resistance in vibrated morfdre force analysis of the CA is

presented in Fig. 6.

14



221
222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

B (Buoyancy) + D (Viscous resistance)

Coarse aggregate
(CA)

G (Gravity)

Fig. 6. Force analysis of the CA in vibrated martar

Gravity (G) and buoyancyR) can be expressed as:
G=pV =%fzvad3g (4)
B=p,Vg =%7zvmd39 (5)
Here,p, andpn, are the apparent densities of CAs and mortarpeotisely.In
the experimentp, is 2670 kg/m. pn is measured on a mortar sample, which is
extracted from fresh concrete using a 4.75 mm sreveediately after the completion
of the mixing procedure. The apparent densitienoftars corresponding to the three
groups of concrete mixtures are 2285 k§j/8270 kg/mi and 2260 kg/rh respectively.
d is the diameter of CA patrticle in the range of B-f@m. Andg is the acceleration
due to gravity, which is 9.8 N/Kkg.
Stokes law describes the viscous resistance oharispl object in the viscous
fluid. The following assumptions hold: (1) the liquextends infinitely, that is, the
influence of container wall on the fluid movemesiiot considered; (2) the object is

spherical and moves in a straight line with a camswvelocity without deformation

15
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during the movement; (3) the velocity of liquid the surface of the sphere relative to
the centre is zero; (4) when the Reynolds numbe) {Rsmall, the inertial effect can
be ignored. Here, Re is a dimensionless paramwédistinguishes the flow type of

fluid and it can be calculated as:

vd
Re:"'T (6)
wherep is the fluid densityy is the sphere velocitd is the sphere diameter, ands
the fluid viscosity.

When Re is less than 1, the flow is consideredecstoeamlined; when Re is
greater than 1 the flow is turbulent; when Re is between the ,ttre flow is
transitional. In concrete mixtures, the movemembaity of CA particles is extremely
slow, and Re is much lower than 1. So the flow adothe CA particles is streamlined,
and the expression of the viscous resistabDges(

D =3mvd (7)

From the above analysis, it can be seen that wieedensity of the CA is greater
than that of the mortars, the CA will move downveasdith accelerationand the
viscous resistance also increases because of theaged CA velocity. When the

resultant force of viscous resistance, gravity landyancy reaches an equilibrium, the

CA will settle at a constant velocifyhe final velocity can bdemonstrated as:

_d*g(p, - p,)
VS—T (8)

wherevs is the final velocity of the CA, ang is the plastic viscosity of mortars.
The CA in vibrated mortars can be divided into ayway accelerated motion

with a decreasing acceleration and a uniform mofldmough integral calculation, the

16



260 relationship between the vertical settlement heggid vibration time can be derived

261 as:

2 _ 4 _

an= 3900 = p0) o d'gp(p : Pr) EEI_ ex{_mqul [ﬂﬂ
187p| 3247p| d pa

262 9)

_9°9(L8n) P o o] 1870
187, 187, d’p,

263 whereAh is the settlement height of the CA, drnid the vibration time.

264 Since the particle size of CAs in this study is08:80.02 m, the constant and
265 exponential terms in Eq. (9) are much smaller ti@nlinear term. It can be seen that
266 the CA will accelerate to the final velocity inather short time, which can be ignored.
267 Moreover, Petrou et al. [39] find that, after thration, the yield stress of mortars is
268 restored immediately, and the dynamic CA will stopving with a great acceleration
269 and stabilize in a static state. Hence, the digtarichis deceleration motion can also
270 be ignored. It means that the CA settlement carafy@oximately regarded as a
271 uniform motion in the whole process of vibratiomdaits movement distance is
272 expressed as:
273 pn=390 ") (10)
187,
274 Eq. (10) shows the settlement height of a singleilfC®brated mortars. But, in
275 fact, each CA patrticle is also subjected to therantion from other ones. In this case,
276 the plastic viscosity of mortars can be approximyateplaced by that of concrete
277 mixtures, so as to consider the interaction betwden CA particles [50-52].
278 Furthermore, the plastic viscosity of fresh conenmeteasured in Section 2.2 needs to
279 be calibrated, because the Bingham model is noelormgpmpletelysuitable to

17
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characterize the rheology of fresh cement-basedematt under the action of

vibration. Consequently, the settlement heightefCA can be revised to:

Ah'= M K (11)
18k,7p| I

In Eq. (11),Ah" is the actual settlement height of the Ggy, is the plastic
viscosity of fresh concrete, akds the non-dimensional calibration coefficient gf.
The specific value ok will be determined in Section 3.2, which is rethte the raw

materials and experimental conditions.

3.2. Model calibration
Theoretically, the final height position of a siegCA after settlement can be

expressed by Eq. (12) through the previous caliculand derivation.

_dzg(pa_pm) i (12)
187,

h'=h

whereh is the initial height position of the CA, amlis the final height position of
the CA after settlement.

It should be noted that the CAs with different et sizes have a different
settlement rate, which will cause some of themrmtersect in the modelo this end,
the whole vibration process is divided into mangrstime parts, and the vibration
time of each step is set as 0.05 s. The final esetht model is generated by
superposition of each part step by step, untikettgected vibration time is reachéd.
the end of each part, if the CAs intersect, th@ivied ones are randomly bounced to

the nearby empty space and ensure that they wilinbersect with other CAs again.
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Considering that the CAs will be wrapped with agliagf pastes (interfacial transition
zone) with a thickness of 20-50n [53-55], the minimum distance between the CA
surfaces is set as 1@ in this study.

In the model, the parameter information of every @dtticle can be easily
determined at any time and any position. The 3-Riehds equally divided into five
layers along the height direction, and all CAs @istributed in each layer based on
the final position of the centre height of them.céaring to Eq. (13), the CA volume
percentage of each layer in the model can be cak&mll

P':%(i =1,2,3,4,3 (13)

whereP;' is the volume percentage of CAs in thé layer,V; is the volume of CAs in
thei-th layer, and/ is the total volume of all CAs in the model.

Since the density of all CAs is the same, the velyarcentage of CAs in each
layer ;') can be fitted with the mass percentaBg &ccording to the experimental
results of Fig. 3 to calculate the calibration ¢oefnt (k) used in Eq. (11). The
algorithm flow chart ok and correlation coefficient @Ris presented in Fig. R? is
calculated by the linear fitting function of softsga It can be predicted that the value
of R? will increase firstly and then decrease with theréase ok, that is, there is a
peak value of R When R reaches its maximum value, the algorithm ends.ftiund
that whenk is 0.62, the results of numerical model and expent are in the best
agreement. In that case® B 0.9865. The original data comparison between th

model and experimental results is shown in Tablengl, the fitting result is shown in

Fig. 8. The fitting function is self-set gsx, and the abscissa and ordinate represent
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329

330

the results of experiment and numerical model,getyely. Note thak is less than 1.

It means that vibration reduces the plastic viggasi fresh concrete compared to that

in the stable state.

4

2.2
Rk = R(1c40.01)

Yes

Output k and Rlz(

Calculate Rlz( and R%k+0.01)

k=k+0.01

S |

Fig. 7. Algorithm flow chart.

Table 5 Comparison of the percentage of CA distidimubetween the model and experiment.

NC NC-5%SF NC-10%SF
Vibration time Layer
Model Experiment Model Experiment Model Experiment
1 20.99% 20.66% 20.56% 20.28% 20.28% 20.15%
2 20.73% 20.53% 20.37% 20.48% 20.31% 20.36%
5s 3 20.39% 20.47% 20.10% 20.36% 20.11% 20.23%
4 19.48% 19.71% 20.04% 19.87% 20.03% 20.07%
5 18.41% 18.63% 18.93% 19.01% 19.27% 19.19%

20



1 22.51% 22.25% 21.71% 21.78% 21.38% 21.39%
2 22.03% 21.75% 21.23% 21.47% 21.05% 21.45%
15s 3 21.40% 21.41% 20.86% 21.10% 20.72% 21.01%
4 18.47% 18.98% 19.47% 19.26% 19.77% 19.28%

5 15.59% 15.61% 16.73% 16.39% 17.08% 16.87%

1 23.72% 23.38% 22.81% 22.93% 22.27% 22.71%
2 22.87% 22.57% 22.37% 22.35% 21.92% 22.18%
25s 3 21.78% 22.03% 21.41% 21.66% 21.67% 21.43%
4 18.06% 18.29% 18.70% 18.55% 18.67% 18.47%

5 13.57% 13.73% 14.71% 14.51% 15.47% 15.21%

331
24
S
< 21}
=]
=)
£
5 18}
s
£
> 2
Z 15 R"=0.9865
12 . . : .
12 15 18 21 24
332 Experimental results (%)
333 Fig. 8. Fitting between numerical model and experital results.
334
335 Taking the group of NC as an example, firstly, ® jeometric model was
336 generated, and then a 2-D slice was extractectilitdte the visual observation of CA

337 settlement, as depicted in Fig. 9. As the vibraporgressed, CAs gradually deposited
338 to the bottom part of specimen, and the distributoofiles presented an increased

339 content of CAs towards the bottom layer. For a Isif@A, the CA with a larger
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particle size showed a more notable settlemenramtst
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Fig. 9. Visual analysis of CA settlement under a&tflom (all dimensions in mm).

It was noteworthy that the CA content in the toprtpaf specimen was
significantly decreased, especially when the vibratime reached 25 s, there were
most of mortars and only few of small-sized CAghe top 50 mm-height area (see
Fig. 9(c)). Megid and Khayat [56] observed simidrenomena in their experiment.
The settlement of CAs led to the formation of acqusr surface layer enriched in
cement pastes in the top part of concrete specimdrgre might be prone to
experience shrinkage and cracking [57,58]. In aofdlitit could be clearly seen from
the figure that CAs in the bottom part indeed fadn@e close packing in the local
space, which confirmed the previous interpretatibthe experimental results.

On the basis of the 3-D model, the volume percastag CAs in the five layers
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were calculated, as illustrated in Fig. H¥idently, as the vibration time increased,
the heterogeneity of CA distribution along castinyection was gradually
strengthened, which was reflected in the obviousedese of CA content in the top
part and the increase of that in the bottom pants Tvas consistent with the direct
observation shown in Fig. 9. Besides, for concrebetures having different w/b or
mix proportions, as long as the relevant rheoldgizaameter of mixtures and raw
material information were input into the model, BA settlement behaviour could
also be easily displayed. The proposed methodologg potential application

prospects in large-scale structural concrete ogstactice and 3-D printed concrete.

27 | —®— Layer 1 (bottom layer)
—=&— Layer 2

Layer 3
24 F Layer 4

Layer 5 (top layer)
21 F

Percentage of CAs=20%
18 f

Percentage (%)

15

0 5 10 15 20 25
Vibration time (s)

12

Fig. 10. The CA volume percentages of these fiyerain NC.

4. Prediction and discussion
The settlement of CAs is a common phenomenon ishfreoncrete due to
vibration, and the visually method can provide mrpaértant and effective way to

reveal the settlement behaviour of CBased on the numerical approach proposed in
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this study, a corresponding 3-D model can be dstad to predict the degree of CA
settlement under different influencing factors, Bstample, the vibration time, the
apparent density and particle size of CAs, andothstic viscosity of mixturest not
only has the advantages of convenience and vistiglig but also can further make a
theoretical explanation for such a rheological peobin vibrated concrete.
4.1. Influence of vibration time

The distribution of CAs along casting direction andlifferent vibration time is
shown in Fig. 11. The orange, green, purple, yebmd blue histograms in the figure
represent the volume percentages of CA content tranfirst layer to the fifth layer
of the total, respectively. And the line chart skalve standard deviation of the CA
volume percentages of these five layers to chaiaet¢he degree of CA settlement
(like Eg. (3)). An obvious impact of vibration timen CA settlement could be
observed. As the vibrating duration became londke heterogeneity of CA
distribution gradually increased. After vibrating fa certain period of time, due to the
dense packing of some CAs in the bottom part otispen, the growing trend of
settlement degree became slower. It should be rtbidthe addition of SF would
delay the initial time of that a part of CAs in thettom area formed a close packing.

In engineering practice, long-time vibration should avoided, because
excessive vibration would aggravate the settlensagregation and bleeding of fresh
concrete. On the contrary, too short vibration timight make it difficult for each
component in mixtures to combine closely and eptedpair voids could not be

completely removed from the surface of specimenchvhlso might affect the quality
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394 of hardened concrete. Therefore, when casting fasictrete, the vibration time

395 should be strictly controlled, usually 20-30 s.

396
100 5] 150
REEEENNAR L
80F [ . il 40 £
S AL L dpn sl
< LA | A el 2
S 60f [ — / — {30 3
§ Z =TT [T T /{ T E
54 o / — / 120 %
,,,,, N I b L a
2wl T 00 74 5 LA -,
/ /
0 5 15 25 35 45 5 15 25 35 45 5 15 25 35 45 0
(a) NC (b) NC-5%SF (¢) NC-10%SF
397 Vibration time (s)
398 Fig. 11. Influence of the vibration time on CA $attent.
399
400 4.2. Influence of CA apparent density
401 The properties of CAs, such as apparent densityiclgasize distribution and
402 appearance shape, may all have a certain influemc¢he degree of settlement

403 [12,38,59-66]. Considering that the laboratory doofffer additional CAs with

404 apparent densities of 2520 kdg/and 2790 kg/ff) a numerical model of the influence
405 of apparent density on settlement was carriedand,the vibration time was set as 25
406 s. From Fig. 12, it showed that the CAs with a largpparent density presented a
407 higher difference between the densities of the @d\the mortar matrix, resulting in a
408 greater sedimentation tendency. This was in lini whe finding of Navarrete and

409 Lopez [59], who believed that the settlement radd B linear relationship with the

410 density difference between CAs and mortars fovargimixture. Furthermore, Chia et

25



411 al. [60] and Ke et al. [61] studied the settlemagitaviour of lightweight CA concrete
412 under vibration. They claimed that when the densft€As was less than that of the
413 mortars, the CAs would appear to float.
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416 Fig. 12. Influence of the apparent density of CAssettlement.

417

418 4.3. Influence of CA particle size

419 In Fig. 13, three patrticle size distributions of £#&ere designed, namely 5-16
420 mm, 5-20 mm and 9.5-20 mm, and the vibration tiras ®lso 25 s. The reason for

421 distinguishing the range of particle size in thisywwas that it could be easily

422 obtained through the sieves of 9.5 mm and 16 messdiz the laboratory, which was
423 beneficial to the subsequent experimental verificatUnder the action of vibration,
424 the mixtures which contained more large-sized Céa & greater degree of settlement
425 for the same CA volume fraction, that was, theritigtion of CAs in concrete
426 presented a more evident non-uniformityis was consistent with the results of
427 Safawi et al. [38]In their experiment, the CAs with particle sizes56fl3 mm and
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428 13-20 mm were used to prepare fresh concrete restuespectivelyThe results

429 showed that the large-sized CAs were more affected to vibration than the
430 small-sized oneslt meant that the larger-sized CAs were more dontinia
431 determining the settlement degree compared with llemaones. Similarly,

432 Esmaeilkhanian et al. [12] and Shen et al. [62) &&ind that concrete mixtures with
433 lower maximum size CAs tended to settle and setgdgss.
434 Moreover, compared with the particle size distridutof CAs which increased

435 from 5-20 mm to 9.5-20 mm, the increase in théesaéint degree of the particle size

436 from 5-16 mm to 5-20 mm was more obvious. It wasabse, although the particle
437 size of CAs increased in both cases, the CAs wilhrger particle size were more
438 likely to form a dense packing when they depositethe bottom part of specimen,
439 which could prevent the settlement movement torticeextent.
440
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4.4. \erification of prediction results

In Sections 4.1-4.3, the numerical model was useeprédict the influence of
vibration time, apparent density and particle $2€As on settlement degree in the
three groups of concrete mixturdgext, the validity of the proposed model based on
experimental results would be discussed in this@e®lthough the vibration time of
fresh concrete usually did not exceed 30 s, thts tdsvibrating durations of 35 s and
45 s were still carried out to validate the presgioprediction.In addition, the
limestone with apparent densities of 2520 kKgand 2790 kg/rh prepared in the
laboratory could be used to test the influencéhef@A density on settlement. For the
experiment of the effect of the CA patrticle sizee CAs with diameters of 5-16 mm
and 9.5-20 mm could be obtained from original pktsize (5—20 mm) through 16
mm and 9.5 mm size sieves, respectively.

The experimental results determined by the segrdesid®ing method were used
to verify the prediction results of numerical mqda$ presented in Fig. 14. For the
vibration time,the model prediction was in good agreement with ékperimental
results as evident in Fig. 14(a). With the vibrattone going on, both the settlement
degree and heterogeneity distribution of CAs wermrempronouncedWhen the
vibration time reached a certain value, the inaeak settlement degree became
slower due to the close packing of some CAs inbtbitom layerSimilarly, when the
numerical method was used to predict the influeoteéhe apparent density and
particle size of CAs on settlement, it also shovedjood correlation with the

experimental results (see Fig. 14(b) and (c)), Whindicated that the model was

28



466 applicable in this study.
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468 Fig. 14. Experimental verification of the predicticesults.
469
470 4.5. Grey relational analysis
471 The grey relational analysis table of differeniuehcing factors is summarized
472 in Table 6. Here, this method is used to charamdhe contribution of each factior
473 CA settlement. The settlement degree is taken asrdéfierence sequence. The
474 influencing factors such as vibration time, appadansity and particle size of CAs,
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475 and plastic viscosity of mixtures are taken ascthaparable sequences.

476
477 Table 6 Grey relational analysis table of differefiuencing factors.
Group Vibration Apparent density Particle size of Plastic viscosity of Degree of
time (s) of CAs (kg/ni) CAs (mm) mixtures (Pa-s) settlement
1 5 2670 5-20 45.0 9.4484
2 15 2670 5-20 45.0 26.1419
3 25 2670 5-20 45.0 37.5106
4 35 2670 5-20 45.0 44.6035
5 45 2670 5-20 45.0 48.8770
6 5 2670 5-20 48.4 5.6692
7 15 2670 5-20 48.4 17.9724
8 25 2670 5-20 48.4 30.0583
9 35 2670 5-20 48.4 38.7519
10 45 2670 5-20 48.4 43.3282
11 5 2670 5-20 51.3 3.7958
12 15 2670 5-20 51.3 15.5593
13 25 2670 5-20 51.3 26.0454
14 35 2670 5-20 51.3 34.1547
15 45 2670 5-20 51.3 39.2495
16 25 2520 5-20 45.0 31.8085
17 25 2790 5-20 45.0 41.6522
18 25 2520 5-20 48.4 23.2047
19 25 2790 5-20 48.4 35.6362
20 25 2520 5-20 51.3 18.9375
21 25 2790 5-20 51.3 31.9706
22 25 2670 5-16 45.0 28.0206
23 25 2670 9.5-20 45.0 42.8769
24 25 2670 5-16 48.4 20.3044
25 25 2670 9.5-20 48.4 36.6233
26 25 2670 5-16 51.3 16.4197
27 25 2670 9.5-20 51.3 32.7796
Grey relational
arade 0.7392 0.6291 0.6435 0.6222 -
478
479 Assuming the reference and comparable sequencagspectively denoted as
480 Xo(K) and Xi(k). Before conducting a grey relational analysi® tniginal reference
481 and comparable sequences need to be normalizeatdypik-processing, as follows:
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(k) =l (14)
B — XO(k)

()=l (15)
BZ X (k)

wherexgy(k) andx(k) are the sequences after data pre-processing=and, ...,mand
k=1, 2, ...,n.
When the dimensionless data are prepared, thergiayonal coefficient can be
derived by Eq. (16).
£ (K) :ﬁ (16)
Here, the absolute difference between each evalw@mparable sequence and
the corresponding element of reference sequencaldslated in turn, and theXmin,

Amax @andAgi(k) can be obtained by Egs. (17)—(19). Moreoyes, called the resolution

coefficient, and the smallerindicates the greater resolution. In generalytdae ofp

is 0.5.
B = ()% () a7
Bz oK)= (K) (18)
B (k) =[x, (k) = (k) (19)

As the calculated relational coefficients are nolydarge in quantity, but also
discrete, it is impossible to directly compare thdtmeeds to average the relational

coefficients to convert each sequence into a melatigrade, as shown in Eq. (20).
1 n

y==3z(K) (20)
Nz

wherey; is the grey relational grade.
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On the basis of the principle of grey relationahlgsis, a larger value of;
implies that the related influencing factor hageater impact on CA settlement. After
calculation, it is found that the grey relationahdes of the influencing factors are
(vibration time) = 0.7392y (apparent density of CAs) = 0.6291(particle size of
CAs) = 0.6435, and (plastic viscosity of mixtures) = 0.6222, respeely. It means
that the order of these four influencing factonstfe contribution of CA settlement in
this study is vibration time > particle size of CAspparent density of CAs > plastic
viscosity of mixturesThis supports the general observation that vibnatilme should

be limited in practical applications.

5. Conclusions
In this study, an experimental and numerical wdrlkCé settlement in vibrated

fresh concrete was investigated. Based on the quswesults and discussion, the

following conclusions could be drawn:

1) The distribution profiles of CAs in vibrated conirepresented a growing
tendency towards the bottom layer with vibratiandi After a certain period of
vibrating, some CAs in the bottom part formed tlese packing, and the growth
of the non-uniform distribution gradually begansteaken.

2) Due to the opacity of concrete, the proposed 3-Dlehéor fresh concrete could
be used as a potential approach to visualize thenG¥ement. For the top part of
specimen, the visual analysis showed that a suttager enriched in cement

mortars formed in this area, where only contairexd éf small-sized CAs.
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3) The heterogeneity of concrete had a positive caticel with the density
difference between CAs and mortars and the pasdieke of CAsSF, as a mineral
admixture to improve the plastic viscosity of mids, could effectively reduce
the settlement and segregation of fresh cemendbaséerials.

4) The segmented sieving method was performed to afisewvalidity of numerical
model. The results indicated that the model preaficivas well verified by the
experimental results. The methodology proposedhis study provided an
effective tool to further understand the settlent®itaviour of CAs.

5) Grey relational analysis demonstrated that theatitan time had the greatest
influence on CA settlement, followed by the padisize of CAs. Compared with
the former two influencing factors, the apparemsity of CAs and the plastic

viscosity of mixtures contributed a little to thettlement.
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HIGHLIGHTS

Coarse aggregate settlement in fresh concrete under vibration

A rheological problem of cement-based materials has been studied both experimentally
and numericaly.

The numerical method is developed for the first time to investigate the settlement
behaviour of CAsin vibrated concrete.

The validity of the model prediction is verified by the experimental results, based on the
segmented sieving method.

Grey relational analysis is performed to study the influence of related factors on the

settlement of CASs.
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