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b. Dimensions and sensor arrangement

a. AR

a. Silo model

IE: CI~CI5 Ml E.
Note: Symbols C1 to C15 in the figure (right) represent the measuring point
number.
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Fig.1 Silo model and detailed dimensions
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Table 1 Grain composition of standard sand

E4% Diameter/mm =0.65 0.45~<0.65 025~<0.45 <0.25

Jfim 4350 Mass fraction /% 3 40%5 51%5 6

XoF T b D 1D PN JBE 5 £ SR FH PR B0 D B 45 v AR T B A
BTN E, WA ER S TR 2 e @ ki
BT LM NE, FEIELTTHEN y=1.656 2x+1.066 6,
B L TSR AR 1) PN BE R 24008 31,10

2 IRERREYNRIEHIE
Table 2 Shear test data of standard sand

EQ=IY) B FH BT R 7
Vertical stress/kPa  Reading/mm  Coefficient/(kPa.mm™") ~Shear stress/kPa
100 0.34 187.1 63.6
200 0.61 185.7 1133
300 1.01 181.9 183.7
400 1.30 185.1 240.6
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Fig.2 Discharging of sand
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Fig.3 Dynamic wall pressure curves of C1-C15
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Table3 Experiment values change of dynamic and static pressures

HBAES HEEN PSSR S BIEE HE R

bP=s . : Difference of  Amplitude
Point Static Dynamic dynamic and static of Overprgssure
pressure/Pa pressure/Pa pressures/Pa variation% coefficient
Cl 47172 4676.3 —41.0 -0.9 0.99
C2 44917 4984.7 493.0 11.0 1.11
C3 40683 4 636.5 568.1 14.0 1.14
C4  3805.6 6756.7 2951.1 77.5 1.78
C5  3799.1 3881.2 82.1 22 1.02
C6 35887 3862.5 273.8 7.6 1.08
C7 32148 35455 330.8 10.3 1.10
C8 30625 3486.4 4239 13.8 1.14
C9 28289 3061.3 232.4 8.2 1.08
Cl10 26358 38254 1189.6 45.1 1.45
Cll  2351.1 4078.1 1726.9 73.5 1.73
Cl2 20078 2298.0 290.2 14.5 1.14
Cl13  1600.6 2 069.2 468.6 29.3 1.29
Cl4  1066.0 17125 646.5 60.6 1.61
Cl15 779.4 911.9 132.5 17.0 1.17

R 3 TR, BR T GEE SR EAR I AT C1
BAME /N T EASME 158, HARW S s 20 % 7
BIRTEASME ST, 1w H 5 K e R 550 IR PR A BE i
RE N 0.15 m [ & C4 4k, B3 1.78, HIRERHIHE
JE RN 1.73, BB EERH S L 0.65 m AT C11 4.
MU 38 RHREE T LA Y, R R R AR A
FIE ARG T 70%.  H ki B R G RO IR R
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2.1 BESTERERMESH
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a. Finite element model

b. PAERIZ

b. Mesh generation

W ARSI SR AT ARAR, MRS IR Z Ak, BEBLRARINE RARKR.
Note: The cylindrical coordinate system is used to build the silo model, its height
is along the Z coordinate, and its radius is along the R coordinates.

B4 BHeHRAEER NS 5
Fig.4 Finite element model and mesh generation of silo

THE A WL &6 3B R 3 000 MPa, YHFA
ELH 0.3, HJyBFREEL 10 kKN/m®. FRUERD (38 R & B )y
0.2 MPa, JAFALLA 0.4, FRRARTERD BB BL, &
F 7428 N2 M Druker-Prager BRI PRUERD, ArifE
WA R S HHUES T3 4 .

T4 REDHMESHEVE

Table 4 Material parameters of standard sand

BH AN S 28 R i e BRI F3
P rém ter Rate of flow Dilatancy Mass Yield
arameters stress angle/ (7) damping stress/kPa
IUH Values 1 0 0.2 0.01

2.2 ESERHERBARRHEER

SE SCYPRL L TC AN BE 2 8] (R H2 i BE 5 R M08 0.43,
AT PRI B U5 #EAT R 7o T 2 DDIR:
S, A BAUYRHE B EAE R R IR B S AT R S
JEAvHas B, RSO0 S UL ER L AR 2
AT B HRARI, T BISME 7. BANET R AR
SR E D), SRR AT E T Y
FHE AR, PRS2 R A BORARE , TR T ABAQUSS
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Fig.5 Mesh deformation and stress distribution during
discharging of silo
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0.2 0.4 0.6 0.8 1.0 12
£ FGEE Point height/m
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6.89%; BIAMESIARXT R LA IERE 9.65%, fR/ME 1L14% A FIME
6.94%.

Note: Absolute value of relative error of static wall pressure: Maximum is
9.92%, minimum is 0.43%, and average is 6.89%. Absolute value of relative error
of dynamic wall pressure: Maximum is 9.65%, minimum is 1.14%, and average is
6.94%.
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Fig.6  Static and dynamic wall pressure curve of
numerical and calculated values
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b. Dynamic wall pressure curve
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Note: Absolute value of relative error of static wall pressure: Maximum is
9.97%, minimum is 1.83%, and average is 7.01%. Absolute value of relative error
of dynamic wall pressure: Maximum is 9.93%, minimum is 0.28%, and average is
5.68%
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Fig.7 Wall pressure curves of numerical and experimental values
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Simulation and experimental validation of silo wall
pressure during discharging

Zhang Daying*, Xu Qikeng?, Wang Shuming®, Liang Xingpei®
(1. School of Civil Engineering, Zhengzhou University of Aeronautics, Zhengzhou 450015, China; 2. School of Civil Engineering
and Architecture, Henan University of Technology, Zhengzhou 450001, China; 3. Zhengzhou University
Multi-functional Design and Research Academy Co.. Ltd., Zhengzhou 450002, China)

Abstract: Wall pressure especially dynamic wall pressure of the single silo is crucial for the silo design. Therefore, it’s
necessary to obtain static and dynamic wall pressures, as well as their change regularity along the silo wall. In view of this, 2
techniques were mainly used in this study containing experimental method and simulation technique in order to solve the
aforementioned problem. Apparently, it is difficult and intractable to study and discuss wall pressures of the silo during
discharging. Nevertheless, it is direct and efficient to carry out experiment on this issue, so we carried out this test in Structure
Laboratory of Henan University of Technology. In this experiment, the test object was a miniature silo model of organic glass
due to its transparency to materials. We could clearly observe flow patterns of materials inside the silo. The silo model was full
of standard sand, and sensors were pasted on the internal surface of the silo wall to record test data. The static wall pressure
was tested after the silo model was filled up, and the dynamic wall pressure was tested during discharging. In order to obtain
accurate experimental results, tests with many times had been done. On the other hand, for mutual authentication, ABAQUS
software was employed to simulate the flow of material during discharging. The finite element model (FEM) was
two-dimensional (2D) model with a rigid line representing the silo wall and a plane representing the material. In this process,
surface-to-surface contact was used, and the silo wall and the material boundary were set to the target and contact element
respectively. What was more, adaptive mesh subdivision technology was very important, for time duration of material
discharging was directly affected, and it lasted 0.25 s in the process. In addition, some phenomena appeared in Mises stress
cloud charts. The larger the Mises stress changed from the silo wall to the hopper wall, the larger the stress area on the hopper
wall increased over time. Moreover, in order to verify the experimental and numerical results, theoretical formulae in Chinese
code were used to calculate static and dynamic wall pressures, and it was verified that the calculated values were large
influenced by the wall pressure coefficient. After that, experimental results, simulation results and theoretical values were also
obtained and compared with each other. It was shown that dynamic pressures were bigger than the static ones; the maximum
overpressure coefficient reached 1.78 at 0.15 m, the second larger overpressure coefficient reached 1.73 at 0.65 m, and thus the
dynamic pressures increased by over 70% compared with the static pressures for the 2 measure points. About the other
measure points, the overpressure coefficient was less than 1.45, and the minimum was 0.99. The other comparative results
showed that the difference between simulated values and theoretical values of the silo wall pressure was small. To some extent,
it was more or less different between experimental values and simulated values due to sensor accuracy and calibration test
errors, but the variation tendency of static wall pressure was almost the same; in addition the dynamic pressure was affected
larger than the static pressure by the above factors, and therefore the experimental curve was a little irregular, while the
simulated curve of it was more smooth. And then, some helpful phenomena appeared through data analysis of measure points,
for example, dynamic wall pressure amplitude of each measure point was different, and the maximum was next to the hopper;
the higher value was nearly in the middle of the silo wall. Through the above analysis, the proposed simulated and
experimental method are also feasible to obtain static and dynamic wall pressures of the silo, and the obtained change
regularity of pressures along the silo wall is useful for the silo design and further research.

Keywords: silo; models; finite element method; experimental study on wall pressure; simulation technique during discharging



