FH TEAX

LiEKY 44t
- ¥ -



EHAEMRSRE (CIP) #E

FRMHAFTEE SFAMNEIL S, 535 £/ P ER
4. — L. Bl REd ML, 2012012
ISBN 978 =7 —5671 = 0572 -0

[.OF I.0OF- . OHLHE—E QR
Bl V. Q727

I RRA 45 CIP i 177 (2012) 55 291623 =5

i LA
Humiit sk
HARSE & &F ¥ E

FRREFELS
FARFEEC S (5 35 )
FERA EH
R R AR A T
( LT LR 99 5 MEEEETS 200444 )
(hitp ://www. shangdapress. com % {79428 021 -66135112)
A I A
i R BRSO S AT IR W] HERR
LA AR R A AR
A 787 %1092 1/16 Eigk15.5 FH367 T
2012 4F12 H551 ML 2012 4712 55 1 3EIR)
E[%: 1~820
ISBN 978 —7 —5671 —0572 —0/Z - 043



ERRLE & B g o Ey

EEMmAEA(1907—1986) A F B F L R AA L, M CHEHKET Fh, AW A
W EFROHE FLH R AT, 1985 FIkiifE A4l X E R MEFT AL
A EFEETAHRERERSREARAAST, AABOAMIRALR S

IR RMAELERNIFFEAIFELFERERAELEFREN ST HFER
AER,EFIGH, HERAEE XL G A, AR R E]
AT REBARFBAGZEFRROEFRF, TUHFARARALTLZF AR P I
IR, ETA4TIEFTF,1985.1986 B , A2 A AR EXHEIF T, hRkFE
85 LAT/EE £ MmE KR IEE A0l XA R & B Sk 4 4, SRR e
P EALR RS KM BRFZEINARFT, FHEREZE AR, E
BALLF LA EHA B2, TERLELE —RARAL, T 1986 F 4 kit
#, EREEASNERME, L FRI, LREWRE, R

1987 42 , TR RKFT AL U RITRELEABDRERASAHERKALTH
MR, SN FPEAN  EERARAFF HASEREFE HEEMARAFAR
XARET., AR RXARTH . PTEHFEA LEXFRKE&SKRHEILFER
FEHRHFRAGAR ., Mk (2E) 2EFLEFEMAAFC FEFK
RAPS FEHFAFALEEFE LN FRAIMEE, XL ERKR(ED)
LRFALFE” “ETRMEABAM T ORFL” “EEREAFAATCE
F£7 CERRFAHFAFHARLRLFE”, T LA SN HILRE FRAEAL
WMPBERRFEFNERER B ZEFRGZFFHAEAFMBEIT A2 £
12 AR ZHEEHR

IFRARBAFAALLE T AL IAESE—R AL RAEEBFH AL
ZFAFN,FSERAEA TR E AT RB BERLETRBLFTEALL(F
RBHEIL %) BRZER, FRAN St TERAFTALLIF /L, £
ELBEFEEYRE S R BRI






7%

=== AN log|
BMEBEESHIE
T3 =

2012 £ 12 B






ENRFRAARURAHEZ 2R IR UL

IRREFEAER

DEDICATED TO THE MEMORY OF MR. K. C. WONG,
FOUNDER OF THE FOUNDATION AND THE LATE
CHAIRMAN OF THE BOARD OF DIRECTORS

K. C. WONG EDUCATION FOUNDATION






ik

B

IRRHEAALAR LU A DB TR FAEFZLIHALALE I RRL
A (1907—1986) T & B # b, B F—1C £ 4 T 1985 F £ A # 2 4 BT 4]
LAY,

1987 - Kok " FASENE HABH S L2ER LR AT
FR LN EBARHEMS LR FEAFE . TEMAFRREE. LEXRFR
K ELARAEALANAGFAEL L LN A IELEARFFEN G IMHEERTA
BAARHR IR, BAS KRR FARER I FRIEGIE, T AT
FAEABGRNHE, T ERFE R P RRF, WHBERFHINRALI;F,
AR PO FRA  RGARABLZFRRGKFRE.

ALHKRENIF M EFERFHEE FRIE FHT O, LFAEA
HEBRR, ARE I, A2FE0, ALE, ARHPTERTHEFLF. KL%
RO F RN ]2, A X FAA — R IRE A, e (R
TREFTEALLFRFEILLE) M & LR, FAIESEB AR ZFRE.
FEF UM Fo B B 48, VAT A

ERREFRAELABRAYM FRAB R FHRATFRLAZN, EFHHE
AHASFRBRBFEOFENER £ B AF A mEARFARALN, B0 FEH
¥y e R b R 69 A UER R X, X Sk i U AR B A K R, AL 45 TR OO, w4

"
=
=
p:3
oy
a
k>
>
A
e
Mo
=
>






Lo Bl

(—) Gty

A FITW B B 58 e A A R IR ) YRR S T R e S )
FHERRR S8 O ARSI [ PR AR 2 I8 SCH 4 BRSO H 8 Se f5 BROCHR N 25 4
HERIS, 4325

(=) Z3 s Wt RROF A T B 41

R SCREEE S , sRAE T 85705 , A R R 35 A R, #lor i o0 it i R, B0 150 =
240 AR, BT A% BR AR UNENUIREIEVIER 4 A6 U5
FHI o USRI BERL AR . P S HE R B S O Y K A X 2
I e R eS8 SCH T B 273 e 40\ 2 N2 UL R A4 B L IR ] s AR 77 ) B
i, FIRPIZESCRET I £ E RS

(=) XFF3

A R 2 AR SCRE I G, Y LAE AR E 7 28 2 i e 2 2 i [ B R 22 B0
6] 2 SR SZ T8 SCIRURE 3C 7 i SR UFRR BRSSO A 3y, BREL A SC il R A e
G AT AS ORI






EFEREBEEES (ERHEILCE) (4535 8 2012 4F)

B 3 CONTENTS

Numerical Simulation on Excavation Damaged Zone in Fractured Rockmass Under
Coupled THM Conditions «-«-er-ereerrmermeeeeeee ZHU Wan-cheng, WEI Chen-hui,
............................................................ ZHOU Ya-nan, YANG Tian-hong ( 1 )
Influence of Iron Flow on Iron Resource Efficiency in the Steel Manufacturing Process
....................................................................................... DAI Tie-jun .( 11 )
Effect of Connexin 43 remolding in Vascular Restenosis --------------- JIANG Li-ping,
------------------ CHEN Min, HONG Tao, ZHU Ling-yu, HE Dan, FENG Jiu-geng ( 39 )
On the Peer Pressures Influence of Chinese College Students’ Physical Exercise
Behaviors ccoeerereesersetetsiiotatiotsetisetiserssssisntessssorssssissrssnsnas CHANG Sheng ( 51 )
Molecular Characterization of Introgression Lines with Yellow Seeds Derived from
Somatic Hybrids Between Brassica napus and Sinapis alba
............................................. WANG YOll'ping, I Aj"[nil'l, HANG J].l'l"]].l'l .( 61 )
Genetic Ablation of Steroid Receptor Coactivator —3 Promotes PPAR — 3 —Mediated
Alternative Activation of Microglia in Experimental Autoimmune Encephalomyelitis
--------------------- XIAQO Yi-chuan, XU Jing-wei, WANG Shu, MAO Chao-ming,
--------------------------- JIN Min, NING Guang, XU Jian-ming, ZHANG Yan-yun ( 72 )

Multi-layer Multi-conductor Transmission Lines and Its Applications in Microwave

CIIGUILS =+ v == v e omeemmemmseemn e s e e eaeeeas e m e et e eeeaaeeneaaenseaeannanans XUE Quan ( 93 )
Deposition of Nano-structured Coatings by Cold Spraying ------------------ LI Chang-jiu (143)
Control of Lamellar Structure and Properties of Plasma-Sprayed Ceramic Coatings

for High Performances «++««s=++sssseessssrsssmrssmmmmiiinanraaisans e LI Chang-jiu (159)
A IREE T HELRIBERAEAL oeorermrerrrrerrmrnnn e e kA& (177)
T HBER R T HEIIZT -everrereerrerremrrmre e #iTeE (199)
it T H.H1 7 Deutsch-Jozsa fif FALEEAYSEIRIZTL -ovvvverreemmermmeenn e A (204)
ST BTSRRI AT SN IUE SRR -+veeeeeeesenees e AR (208)

Spectral Shift of An Electromagnetic Gaussian Schell-Model Beam
.................................................................. ZHU Shi-jun, CAI Yang-jian (220)
BRIl ceseosessnsonosnsstssisstssnsssssssssssssssntontssttssssssotsssnsssssssstsssssssssnssssssssstonses (232)






EIRWHBEEES
(FARFELSE)E 35 £,1 ~10(2012)

Numerical Simulation on Excavation
Damaged Zone in Fractured Rockmass
Under Coupled THM Conditions

ZHU Wan-cheng “, WEI Chen-hui, ZHOU Ya-nan, YANG Tian-hong

( Center for Rock Instability and Seismicity Research, School of Resource and Civil Engineering ,
Northeastern University , Shenyang 110819, P. R. China)

Abstract . The creation of an excavation damaged zone (EDZ) is expected around all man-made
openings in civil engineering, in underground mining, and in petroleum engineering. The EDZ may
vary the physical, mechanical, and hydraulic properties of rockmass, and in turn dominate the
evolution of EDZ under coupled thermal, hydraulic and mechanical ( THM ) environments.
Understanding the development of EDZ under coupled THM conditions is of great importance for
evaluating the engineering stability and safety, and for optimizing the supporting parameters. The work
begins an introduction to the coupled THM model for the rock damage, which is proposed when the
damage variable is incorporated into the classic thermohydroelastic model according to elastic damage
theory. Next, the model is numerically implemented with finite element method by employing a
numerical package called COMSOL multiphysics (CM ), and is also validated against some existing
experimental observations. Finally, the model is used to simulate the formation and development of
EDZ under coupled THM environments, and the effect of rockmass heterogeneity, potential THM
boundary conditions on the coupled THM responses of rock mass is examined.

Key words: fractured rockmass, excavation damaged zone ( EDZ), thermal-hydraulic-mechanical

(THM) coupling, numerical simulation

1 Introduction

In enhanced geothermal systems, as in reservoirs for the sequestration of CO,, radioactive
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waste repositories, petroleum reservoirs, and other subsurface engineered facilities, the
excavation damaged zone ( EDZ ) around the underground opening is influenced in both the short-
and long-term by thermal-hydraulic-mechanical ( THM ) behavior of fractured rockmass. The
coupled THM numerical models used in rock mechanics can be traced back to early 1980s, when
many models were proposed based on the extension of Biot’s theory of consolidations. Beginning
from 1990s, under the formwork of international cooperative project entitted DECOVALEX, a
number of benchmark tests (BMT) and test cases (TC) have been carried out in order to support

development of computer simulators for THM processes in geological systems' '™’

. Up to now,
most numerical codes are still based on the assumption of elasticity and plasticity of rocks, or
based on discrete approach where only a limited number of fractures are included to represent the
fractured rockmass, thus the propagation of existing fractures, as well as the initiation of new
fractures in rockmass, is usually ignored. However, both the hydraulic and thermal processes are
sensitive to fracture initiation and propagation. Under the coupling of complex THM processes the
existing fractures may propagate and some new fractures may initiate, which in turn alters the
thermal and hydraulic processes. Therefore, it is quite significant to incorporate the damage
processes of rock in the numerical models in order to characterize the coupled THM response of
fractured rocks, especially during the formation and development of EDZ.

In view of this, the authors have recently developed a damage-based THM model to study
the coupled THM process during rock failure™’, which makes it a competitive candidate for
characterizing the THM response of the EDZ around underground openings. To this end, it is to
numerically study the development of EDZ under coupled THM condition that defines the

objective of this work.

2 Governing Equations

In this study, the conservation equations for mass and momentum are derived on the
macroscopic scale (all variables are averaged over the REV of the medium) for a saturated ,
porous medium. Fractures are treated as a “porous medium” separated from the rock matrix by
using well-refined elements in a finite-element mesh. Therefore, the basic balance equations are
the same for rock matrix and fracture materials, while the constitutive relations differ. A basic
assumption is that a macroscopic approach can be applied, meaning that the porous medium can
be treated as a quasi-continuum where volume-averaged quantities replace the local ones. With
this approach and these assumptions, two balance equations for solid and fluid and a number of
constitutive relations are required for a full description of the coupled THM state. The
mathematical formulation for the fully coupled THM system is summarized as follows.

2.1 Mechanical Equilibrium and Damage Evolution Equations

Initially the porous medium is assumed elastic, with constitutive relationship defined by a



generalized Hook’s law. In this regard, a modified Navier equation, in terms of displacement
under a combination of changes of applied stresses ( positive for tension ), fluid pressures

(negative for suction) and temperature change is expressed as

Gy + 1 -2p ¥ -ap,; - Ka,T , +F, =0, (1)

where u; (i = x, y, z) is displacement, G shear modulus, v the drained Poisson’s ratio, F, the
components of the net body force in the i-direction (i = x, y, z), e, coefficient of volumetric
expansion of the bulk medium. «( < 1) is Biot’s coefficient depending on the compressibility of
the constituents and can be defined asa = 1 — K'/K_, where K is the effective bulk modulus of
the solid constituent, and K’ = 2G(1 +»)/3(1 —2p) is the drained bulk modulus of the porous
medium.

As illustrated in Fig. 1, the damage in tension or shear initiates when its state of stress
satisfies the maximum tensile stress criterion or the Mohr-Coulomb criterion, respectively, as

expressed by
Fi=0,-f,=00rF,=-0, +0,[ (1 +sin¢)/ (1 —sing) | - f, =0, (2)

where f,, and f,, are uniaxial tensile and compressive strength, respectively, o, and o, are major
and minor principal stresses, respectively, ¢ internal frictional angle, and F, and F, are two
damage threshold functions.

According to the theory of elastic damage, the elastic modulus of an element degrades
monotonically as damage evolves, and the elastic modulus of damaged material is expressed as
follows .

E=(1-D)E,, (3)

where D represents the damage variable, and E and E, are the elastic moduli of the damaged and
the undamaged material, respectively. In the current method, the element as well as its

damage is assumed isotropic. Under any stress p o
conditions, the tensile strain criterion is applied AN oE=(T)

TEa

preferentially. According to Fig. 1, the damage :

variable can be calculated as

0, F, <0 and F, <0,
D=1-lgy/&1", F, =0 and dF, >0,
1 -1g,/e,1", F, =0 and dF, >0,

(4)

““““““ o

Fig. 1 Elastic damage-based constitutive law of

where g,, and £,, are maximum tensile principal o "
10 <0 P P elements under uniaxial stress condition ( f,, and f,

strain and maximum COmMPressive prmmpal strain are uniaxial tensile strength and uniaxial compressive

when damage occurs, respectively, g, and g; are  strength, respectively)



the first and the third principac, respectively, and n is a constitutive coefficient specified as 2. 0.

2.2 Flow Equation

If the fluid flow follows the Darcy’s law, the conservation equation of fluid can be

expressed as' ‘™

de, aT ap k
co i vy Vo)), 5
at 2 ar % e P-l( Ppg Vi) )

¢

wheree, =1 -K'/K,, ¢, = oy + (1 —dpla, —aK'/K,, ¢; = ¢/B, + (1 - $)/K,, &, the
volume strain, g, the dynamic fluid viscosity (N + s/m’), k the intrinsic permeability in a
general continuum (m?*) , p, the liquid density (kg/m’), zthe vertical coordinate, g gravitational

acceleration (m/s’) , ¢ porosity, and B, denotes the bulk modulus of fluid (Pa -1y,
2.3 Energy Conservation Equation

Due to the assumption of thermal equilibrium between the fluid and solid phases, the heat
energy balance equation over an REV can be expressed in terms of a single equation which

neglects the terms representing the interconvertibility of thermal and mechanical energy as"*!

Ey

aT k d
(pC)M_at + (T, +TaB V-—(Vp+pg Vz) - (T, + T)K'a, _a:
7

C
—%i( Vp + pg Vz) - VT = J\MVZT, (6)
)

where T}, is the absolute reference temperature in stress-free state (K) , p, reference mass density
of solid (kg/m’), ( p C) y specific heat capacity of the fluid-filled medium (J/ m’ - T), and
A, is thermal conductivity of the fluid-filled medium (J/s + m + C).

Equations (1), (4), (5) and (6) represent a set of fully coupled non-linear equations
governing the thermo-poroelastic response of damaged saturated medium. The equations account
for thermodynamically coupled, heat and mass transfer, mechanical and thermal compressibility

of the constituents, and in particular the damage evolution of the medium.
2.4 Effect of Damage on THM Parameters

The porosity is closely dependent on the stress conditions, which is given by RUTQVIST
and TSANG'®' ;

¢ = (¢ — b, )explayo,) +¢,, (7)

where ¢, is porosity at zero stress, a, stress sensitivity coefficient, which is 5.0 x 10 S patte

¢, residual porosity at high stress, and ¢, is the effective mean stress ( with tension positive and

in Pa) , being calculated as o, = (o, + o, + 0, )/3 + ap. Besides, the permeability is correlated



to the porosity according to the following exponential function .
k =k, (‘b/‘bu)]exp(axp); (8)

where k, is the zero-stress permeability, and «, is 5.0, being called damage-permeability
coefficient to indicate the effect of damage on the permeability.

The effect of damage on thermal conduction is not clear. Simply, in the similar form as
that of permeability, it is given as

A(T, D) = A, (T)exp(D/ay) , (9)

where oy is a coefficient to reflect the effect of damage on the thermal conductivity.

The above governing equations are nonlinear partial differential equations (PDEs) with
second order for space and first order for time. The non-linearity appears both in space and time
domain , and therefore these equations are not possible to be solved analytically. In this respect,
the complete set of coupled equations is implemented, and solved by using COMSOL
multiphysics'” , a powerful PDE-based multiphysics modelling environment.

3 Validation of the Model for Modelling the Rock Damage

In this section, the failure process of granite tested by CARTER, et al '*' is
numerically simulated with the proposed model in order to validate the capability of model in
capturing the damage zone of rock. The granite has a Young’s modulus of 71. 3 GPa, a
uniaxial compressive strength of 226. 0 MPa, a tensile strength of 14. 0 MPa, and a
Poisson’s ratio of 0. 25. The rock is assumed to be heterogeneous with its mechanical
properties defined by a Weibull distribution.

For this example, even if the geometry and loading condition are relatively simple, the
damage mechanisms around the hole are so complex that not all numerical models can reproduce
it. Figure 2 shows the damage zone distribution simulated with the numerical simulation, in
which the black and white indicate the tensile and shear damage, respectively while grey denotes
the elastic zone. It is shown that the failure patterns as characterized as the initiation and

Step026_002, Damage £one Step049_010, Damage Zone Step065_018, Damage Zone
0.2,
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Fig.2 Development of damage zone around circular hole ( numerical results {(a)—(c) and
experimental results (d) [81)



propagation of primary cracks and remote cracks are vividly reproduced with the numerical
simulation, and the failure pattern simulated with this model compares well with the
experimental observation (see Fig.2(d) ). Thus, it is reasonable to conclude that the proposed

model is effective in capturing the damage process of heterogeneous rock.

4 EDZ Development under Coupled THM Conditions

In this section, the simulation on the near-field model domain, as applied in DECOVALEX
project'”’ | is conducted in order to illustrate the capability of the proposed model in studying the
evolution of EDZ under coupled THM conditions. The sizes of the two models are both 3.42 m
by 3.42 m (three times the tunnel radius). Two cases, including a homogenous model and a
heterogeneous one ( fracture network model ) , are presented to discuss the effect of heterogeneity
of rock mass (see Fig.3). As shown in Fig.3(a), the fractured rock is characterized by using
the digital image-based technique by using the image of this fractured rock that was derived from
fracture mapping by Ann Bckstrm of Royal Institute of Technology, Sweden at the Aspd Hard
Rock Laboratory™’.

RN

T
Ty

Trrrrrr

(a) Fracture network model (b) Homogeneous model

Fig.3 Two cases used in the numerical simulation of EDZ

The initial pre-excavation conditions are represented by in situ stresses, temperature and
fluid pressure at a depth of 500 m in crystalline rocks: an initial vertical stress of 13.2 MPa, a
horizontal stress of 32. 1 MPa, a temperature of 25 T, and a fluid pressure of 5.0 MPa. In
order to simulate the development of EDZ, the boundary load is applied in monotonically
increasing mode, with an increment of 0. 321 MPa and 0. 132 MPa per step for the boundary
stresses in horizontal and vertical direction, respectively. So the 100th step corresponds to the
post-excavation state.

Figures 4 (a)—(c) and Figure 4 (d) show the damage zone distribution of the hetero-
geneous model and homogeneous model, respectively. It is shown that, for the homogeneous
model, the damage zone is distributed in top left corner, which is related to the in-situ stress

conditions, while the damage zone of the fractured model, which is apparently controlled by the



existing fractures, distributing mainly around the fractures. This denotes that the damaged zone
distribution becomes very complex due to the existence of fractures, so exactly characterizing the
spatial distribution of fractures is a key issue to forecast the formation and development of
damaged zone. When we compare this simulation result with those simulated with the
elastoplastic cellular automata code'"’, it is found that the distributions of damaged zone are
similar, however, some differences still exist, which may be related to the difference of the
constitutive relations being used. It denotes that forecast of damaged zone when fractures are
considered is much more difficult, which is related to the models to be used and still needs
further study.

Step060_000, Damage Zone StepDB0_000, Damage Zone Step 10000, Damage Zone Stepl00_000, Damage Zone

2
3
L5
5]
1
2
0.5
1.5
0
1
0.5, 4
|

005 1 1§ 1 25 3 3% 005 1L 1§ 2 25 3 3% 005 1 1§ 2 25 3 35

(a) Step 60 (b) Step 80 {¢) Step 100 (d) Step 100

Fig.4 Distribution of damage zone of heterogeneous model (a)—(c) and the homogenous model (d)

It should be pointed out that, in Fig. 4, the effect of temperature and fluid pressure is taken
into account only as a boundary condition for the solid mechanics analysis. In this regard, it is
very necessary to go further to incorporate the effect of temperature and porous pressure on
damage. The outer boundary of the model considered here has an original temperature of 25 C
and a fluid pressure of 5.0 MPa. A fluid pressure of 5.5 MPa, and a temperature of 35 C due
to the radiation of nuclear wastes, is specified at the inner boundary, respectively. As shown in
Fig.5, due to the effect of temperature and fluid pressure, the damage zone extended further.
Evidently, the increase of the temperature and fluid pressure induce the further tensile damage
around the opening. This indicates that it is very important to consider the THM coupling in
order to characterize the damage zone around the underground openings.

Step040_000, Damage Zone Stepd60_000, Damage Zone Stepd80_000, Damage Zone Step00_000, Damage Zone
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Fig.5 Distribution of damage zone of fracture network model under coupled THM conditions



Another very important factor that affects the excavation damage zone is the geo-stress
condition. In this respect, in order to examine the effects of the lateral pressure coefficient A
(A =0y./0,,) on the progressive fracturing process, a range of magnitudes of A from 0.1 to 10
was applied to the model. For the cases presented in Fig.4 —5, as a matter of fact, the lateral
pressure coefficient A of 13.2/32.1 =0. 41 is specified.

Figure 6 shows the damage zone distribution for other magnitude of A. It is found that the
distribution of damage zone is closed related to the direction of the maximum principal stress.
When A <1, as shown in Fig.6(a), the damage zone is mainly distributed at the top-left half of
the model. In contrast, when A >1, as shown in Fig. 6 (b), the damage at bottom-right half of
the model domain is much concentrated. If the medium is homogeneous, for the reciprocal
lateral pressure coefficients specified in Fig.6 (a)—(b), the distribution of damage zone would
be symmetrical. However, the heterogeneity due to anisotropic distribution of fractures greatly
alters the damage zone distribution, indicating the significance of fracture networks and geo-
stress condition in affecting the excavation damage zone in fractured rock mass.

Fig. 6 Distribution of damage zone of fracture network model with different lateral
pressure coefficient A under coupled THM conditions

5 Conclusions

This paper contributes to studying the development of EDZ in fractured rock mass using
a coupled THM model with damage process incorporated. The numerical simulation
indicates that the damage mechanics-based model is capable of representing the
characteristics of damage zone in fractured rock mass. With regard to the EDZ around the
fractured rockmass, the temperature and fluid pressure, as well as the geo-stress condition,



have a significant effect on the evolution of damage zone. Therefore, it is absolutely
necessary to consider THM coupled interactions in order to correctly evaluate the
development of damage zone in fractured rockmass.

Although only an elastic damage-based model is used to characterize the EDZ, it really
reveals the important effects of the heterogeneity and damage on the coupled THM responses of
the fractured rock mass. Of course, it should be noted that, due to the complexity of rockmass
heterogeneity and of involved coupled THM environments, the effect of each coupling parameter
on simulation results needs to be studied further.
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Influence of Iron Flow on Iron Resource
Efficiency in the Steel Manufacturing Process

DAI Tie-jun *
( Institute of Recycling Economy, Beijing University of Technology, Beijing 100124, P. R. China)

Abstract: An iron resource efficiency is proposed to define a measure of the natural iron resources
saved in the steel manufacturing process. A simplified iron flow diagram is presented for the steel
manufacturing process. The influences of various deviations in iron flow from the simplified iron flow
diagram on iron resource efficiency are analyzed. The relationships between iron resource efficiency of
unit processes and the final product are also discussed. As an example ,data from a steel plant are used
to analyze the influence of iron flow on its iron resource efficiency of finial product in the steel
manufacturing process, the influence of iron resource efficiency of unit process on iron resource
efficiency of the final product, and give some measures to improve the iron resource efficiency of the
steel manufacturing process.

Key words : steel manufacturing process, unit process, iron flow, simplified iron flow diagram, iron

resource efficiency

1 Introduction

The iron and steel industry is a typical process industry, in which iron ore and/or other Fe-
containing materials are transformed into the final product through a series of unit processes.
Products in each unit process go down-stream into their next unit process. Byproducts and
wastes are collected and moved in the opposite direction for repeat treatment. As there are
usually inputs and outputs of a certain amount of Fe-containing material in the midway of the

process, the material flow in the steel manufacturing process is very complicated. At the same

* WMAF HE AT IERFMAZFALIRE, BELRETRAEL T, T210 511 ALFERFESAN LS
T a5k ARBLE R A L& K48 Lk

.11 -



time, iron flow will have a huge influence on the iron resource efficiency. Therefore, a correct
understanding and analysis of iron flow in the steel manufacturing process can have a far-
reaching influence on reducing the iron resource consumption.

LU, et al."" reported a standard material flow diagram which is the basis of the steel
manufacturing process. The influence of material flow on energy consumption in the steel
manufacturing process was studied using this method. This research plays an important role in
saving energy in the steel manufacturing process.

It is important to both reduce iron resource consumption and save energy in the steel
manufacturing process. GUO"’ reported that China’s metallurgical mineral resources situation is
a limit of about 50 years in domestic iron ore supply. That is to say, by the middle of this
century, iron ore resources will be exhausted, and the sifuation will become very severe. Iron
ore is an important resource in the steel industry, so reducing its consumption and improving the
iron resource efficiency is a great challenge for metallurgical researcher and worker.

It is well known that the iron is the main material in the steel manufacturing. Different unit
processes in the manufacturing process are connected together forming upper-stream unit process
to down-stream by the aid of iron flow. Thus, the scenario of iron flow is formed in the steel
manufacturing process. Therefore, iron flow is a centre of the steel manufacturing process.
Various kinds of Fe-containing materials are also involved. Some Fe-containing materials will be
output from a unit process to the surroundings, while other Fe-containing materials will be input
midway unit process of the steel manufacturing process. But no matter what a change, various
kinds of Fe-containing materials will all follow the principle of the law of conservation of
mass'? . So, it is necessary to clearly analyze the iron flow in the steel manufacturing process so
that we can understand the status of the iron resource consumption in the steel manufacturing
process.

This paper gives two important indexes that those are the iron resource efficiency of unit
process and iron resource efficiency of the final product, which will define the degree to which
natural iron resources will be saved in the steel manufacturing process. A simplified iron flow
diagram of the steel manufacturing process is also given. On the basis of the simplified iron flow
diagram , the various influences of iron flow deviations from the simplified iron flow diagram on
iron resource efficiency are analyzed. The relationship between iron resource efficiency of unit
process and the final product is also discussed. Afterward, using data from a steel plant, the
influence of iron flow on its iron resource efficiency in the steel manufacturing process are
analyzed, and the influence of iron resource efficiency of unit process on iron resource efficiency

of the final product are analyzed as a practical example too.

2 Iron Resource Efficiency

[4-6]

Resource efficiency is defined as the amount of final product produced by one unit of
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the natural resource. When the resource efficiency is increased, a smaller input of the natural
resource will result in more of the final product with less wastes and waste emission.

The iron resource efficiency of the final product is an important index that can be used as
the standard for judging the status of natural iron resource consumption in the steel

[7]

manufacturing process . It is defined by the following equation:

r=£. (1)

where r is the iron resource efficiency of the final product (t/t). P is the amount of iron in final
product produced by the steel manufacturing process over a certain period of time. R is the
amount of iron input from iron ore and other Fe-containing natural resources into the steel
manufacturing process over the same period of time.

The iron resource efficiency of unit process is also an important index'’’. Tt is defined by

the following equation .

r, = ’ (2)

where r, is the iron resource efficiency of unit process No.i (t/t). P, the amount of iron in the
product of the unit process No. i over a certain period of time ¢, P,_, the amount of iron input to
unit process No. i in the same period of time, and t consists of the amount of iron from unit
process No. i —1 and from the surroundings. It does not include the amount of steel scrap from
the surroundings and other recycling Fe-containing material. It is worth noting that the amount
of iron input means the amount of iron in the natural iron resource and its product, but all

secondary iron resources, for instance steel scrap, are excluded.

3 Simplified Iron Flow Diagram of the Steel Manufacturing Process

The conceived simplified iron flow diagram of the steel manufacturing process is similar to
a “closed one-way express highway ", that is

(1) The only direction of the flow of Fe-containing material is from one unit process to the
next down-stream unit process, and finally to the exit of the steel manufacturing process.

(i) There is no input or output of Fe-containing material midway of the steel
manufacturing process.

If such a diagram is based on 1 t Fe-containing final product, it can be referred to as the
simplified iron flow diagram of the steel manufacturing process. For convenience, the amount of
Fe-containing material is regarded as the amount of iron in the steel manufacturing process in the
following narration.

The simplified iron flow diagram for the steel manufacturing process, which consists of 5
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unit processes, is shown in Fig. 1, where unit processes have the ordinal numbers 1, 2, ---, 5,
associated with them respectively. It is assumed that the ordinal numbers 1, 2, ---, 5 denote
mining, sintering, iron making, steelmaking and hot rolling respectively. The amount of Fe-
containing products in the unit processes is 1 t respectively. If such a diagram is based on 1 t
final product, the amount of iron input will be 1 t. According to the simplified iron flow

diagram shown in Fig. 1, the iron resource efficiency of final product is equal to

where r, is referred to as the simplified iron resource efficiency of the final product, and its
value can be used as the standard for comparing the iron resource efficiency of the steel
manufacturing process in various iron flow diagrams. Also, the iron resource efficiencies of each

unit process are equal to 1. 0 respectively.

Fig.1 Simplified iron flow diagram for the steel manufacturing

4 Influence of Deviations in Iron Flow from Simplified Iron Flow
Diagram on the Iron Resource Efficiency of the Final Product

4.1 Input of Steel Scrap into Midway in the Steel Manufacturing Process

In this example, unit process No.4 in Fig. 1 is used for analysis.

The amount of iron input as steel scrap into unit process No. 4 is s t, where s <1. The
amount of iron in the products of unit process No. 3 and its upper-stream unit processes will
decrease to (1 —s) t (see Fig.2). Thus, the amount of natural iron resource input from the
surroundings will be (1 —s) t, and the amount of iron in the final product will also be 1 t.

Therefore, the iron resource efficiency of the final product is equal to

1.0
|

r = > Ig-

Fig.2 Iron flow diagram for input steel scrap into No.4 process

It can be seen that the input of steel scrap into a midway unit process of a steel
manufacturing process from the surroundings will increase the iron resource efficiency of the
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final product. The more steel scrap is input, the higher will be the iron resource efficiency of the
final product. If steel output is required to increase rapidly, there will be a large requirement for
steel scrap. But because Chinese steel scrap is insufficient, the amount of steel scrap input into
the steel manufacturing process will be less in China"*™*.

The product of iron resource efficiencies of all unit processes in the steel manufacturing

process is equal to
1-s 1-s 1-35 1.0 1.0 1.0

Fy *Ty *T3 * Ty *T5 = . . : : = =r

1 -5 1 -5 1 -5 1 -5 1.0 1 -5

It means that the iron resource efficiency of the final product is equal to the product of iron

resource efficiencies of all unit processes in the steel manufacturing process.

4.2 Input of Iron Ore and Other Natural Iron Resources into Midway in the Steel
Manufacturing Process

In this example, unit process No.4 in Fig. 1 is used for analysis.

The amount of iron input into unit process No. 4 from iron ore and other natural iron
resources is a t, where a <1. The amount of iron in the products of unit process No.3 and its
upper-stream unit processes will decrease to (1 —a) t (see Fig.3). Thus, the total amount of
iron input from the surroundings will be (1 —a) +a¢ = 1.0 t, and the amount of iron in the final

product will also be 1 t. Therefore, the iron resource efficiency of the final product is equal to

1.0
=— =1.0 = r,.
r (1 —@) +a To

Fig.3 Iron flow diagram for input iron ore into No. 4 process

It can be seen that the input of iron ore and other natural iron resources into midway in the
steel manufacturing process will not influence the iron resource efficiency of the final product.
The product of iron resource efficiencies of all unit processes in the steel manufacturing

process is equal to

l-a 1-a l -« 1.0 1.0

l-a 1-«a l—a'(l—a)+a'l.0

Fy *Fy "Fy " Ty " Ts

It means that the iron resource efficiency of the final product is also equal to the product of

iron resource efficiencies of all unit processes in the steel manufacturing process.
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4.3 Output of Byproduct and Waste from a Unit Process to Surrounding

In this example, unit process No.3 in Fig. 1 is used for analysis.

The amount of iron output of byproduct and waste from unit process No. 3 into the surroundings
is @ t, where @ <1 (see Fig.4). The amount of iron in the product of unit process No.3 remains
unchanged. But, the amount of iron in the products of its up-stream unit processes will increase
to (1+Q) trespectively. Evidently, the iron resource efficiency of final product is equal to

1.0

Hg.4 Iron flow diagram for exporting byproduct and waster from No. 3 process

It can be seen that the output of byproduct and waste product from any unit process to the
surroundings will decrease the iron resource efficiency of the final product. And, the larger the
amount of iron output, the lower will be the iron resource efficiency of the final product.

The product of iron resource efficiencies of all unit processes in the steel manufacturing

process is equal to

1+Q 1+¢Q 1.0 1.0 1.0 1.0
P "y *T3 *Ty *T5 = . . . : = =r
1+Q 1+¢Q 1+Q 1.0 1.0 1+¢Q
That means that the iron resource efficiency of final product is also equal to the product of

iron resource efficiencies of all unit processes in the steel manufacturing process.
4.4 Recycling of Byproduct or Waste within a Unit Process for Its Repeat Treatment

In this example, unit process No.3 in Fig. 1 is used for analysis.

The amount of iron output of byproduct or waste in unit process No. 3 is 8 t, where 8 <1.
It recycles to the starting point of the unit process for repeat treatment ( see Fig.5). The amount
of iron input into unit process No. 3 and iron in its byproduct or waste will not change. Thus,
the amount of iron input from the surroundings is 1 t. And, the amount of iron in the final
product produced by the steel manufacturing process is 1 t too. Therefore, the iron resource

efficiency of final product is equal to

r =

1.0
w TN T\ w T\

ry.

o TN T
D

Fig.5 Iron flow diagram for byproduct and waste from No. 3 process to itself
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It can be seen that the recycling of byproduct or waste within a unit process has no
influence on the iron resource efficiency of the final product.
The product of iron resource efficiencies of all unit processes in the steel manufacturing
process is equal to
1.0 1.0 1.0 1.0 1.0

Py *Ty*Ty3 *Ty *T5 = . . . . =1.0=r

.o 1.O 1.0 1.0 1.0

That means that the iron resource efficiency of the final product is equal to the product of

the iron resource efficiencies of all unit processes in the steel manufacturing process.

4.5 Recycling of Byproduct or Waste in a Unit Process to Its Up-Stream Unit Process for
Repeat Treatment

In this example, unit process No.4 in Fig. 1 is used for analysis.

The iron output of byproduct or waste products from unit process No. 4 is 8 t, where 8 <1.
This is recycled into unit process No.2 for repeat treatment (see Fig.6). Thus, the amount of
iron output from unit processes No. 2 and No. 3 increases to (1 +8) t respectively. And, the
amount of iron output from unit processes No. 1, No. 4 and No. 5 remain unchanged. So both
the amount of iron input from the surroundings and the amount of iron in the final product are
equal to 1 t. Therefore, the iron resource efficiency of the final product is equal to

r=——=r

0

1.0
Lo
0 N N e e T ) e e
\_/ \_/ \_/

= -

Fig.6 Iron flow diagram for byproduct or waste from unit process No. 4 to No. 2

It can be seen that the recycling of byproduct or waste products from a unit process to its
upper-stream unit processes for repeat treatment has no influence on the iron resource efficiency
of the final product.

The product of iron resource efficiencies for all unit processes in the steel manufacturing

process is equal to

1.0 1+ 1+8 1.0 10
1.0 1.0 1+ 1+8 10

=1.0=r

Py Ty *Ty T, *Tg =

Also, it means that the iron resource efficiency of the final product is equal to the product
of iron resource efficiencies for all unit processes in the steel manufacturing process. So it is as

follows :

P =TTy, ry T, TS (3)
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S Relationship Between the Iron Resource Efficiency of Unit

Processes and the Final Product

YIN''! reported that the steel manufacturing process was a system formed by a great deal of
different character and function unit processes. Among the systems, iron flow links every unit
process together closely, and terminates the producing from resource to products. In the course
of the steel manufacturing, each unit process shares different manufacturing tasks according to
producing demand, so its manufacturing technology and equipment of each unit process is
different too, and the amount of input and output iron resource for each unit process is far from
each other. The iron resource efficiency of each unit process is also not the same, and varies
with the steel manufacturing condition. The iron resource efficiency of each unit process also
changes. Even the same a steel manufacturing process, because of the difference between
manufacturing technologies and equipments, its iron resource efficiency is not the same. These
kinds of difference and changing of iron resource efficiency of each unit processes, will certainly
influence the iron resource efficiency of the final product. Usually, in the course of the steel
manufacturing actually, different kinds of iron resource which are input into the steel
manufacturing process are more, they not only have the iron resource that input from up-stream
unit process to down-stream, but also some iron resources from outside unit processes are input
midway unit process in the steel manufacturing process. So, on the basis of the result of Section
4, the paper will analysis the relationship between the iron resource efficiency of the final
product and the unit process, and give the relational expression between them in the complex

condition.

5.1 Input of Iron Resources from Outside Unit Process into Midway in the Steel
Manufacturing Process

In this example, unit process No.2 in Fig. 1 is used for analysis.

The amount of input of iron resource from outside unit process No. 12 into unit process No.
2is P, t, where P, <1. The amount of iron in the products of unit process No. 1 will decrease
to P, (1 -P,) t(seeFig.7). R,, and R, are the amount of natural iron resource that input unit
process No. 12 and No. 11 respectively, and iron resource efficiencies of unit process No. 11 and

P P
No. 12 are r,, (r“ = i) and r,z(,rl2 =2 ) respectively. Thus, the new unit process No. 1

consists of unit process No. 11 and No. 12. So, the iron resource efficiency of the new unit

12

process No. 1 can try to be got by calculating the weighted average of iron resource efficiencies
of unit process No. 11 and No. 12. The product’s amount of unit process No. 1 and No.2 is P,,

and P, in Fig. 7 respectively, then their weight are respectively
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Fig.7 Input of iron resources from outside unit process midway through the steel
manufacturing process

And with corresponding summation of w,, - r,, and w,, * r, separately, the iron resource

efficiency of the new unit process No. 1 can be got, it is as follows;

2
Ty Swy Ty YW,y Ty = zi(wljrlj)' (4)
=

It can be seen from section 4 that the iron resource efficiency of the final product is equal to
the product of iron resource efficiencies for all unit processes in the steel manufacturing process.
Therefore, the relational expression between the iron resource efficiency of the final product and

each unit process is
2
r=7r *TIy;*r; *Iy " 15 = Z(wlﬁu) *Iryt T3 tTy TS (5)
j=1

5.2 Input of Iron Resources from Qutside N —1 Unit Processes into Midway in the Steel
Manufacturing Process

In this example, unit process No.2 in Fig. 1 is used for analysis.
There are N unit processes that input of iron resources into unit process No.2, as shown in

Fig. 8. The amount of iron input come from the unit process No. 11 is in the steel manufacturing

process, another amounts of iron input from unit process No. 12, ---, No. 1n outside the steel
manufacturing process are P, , ---, P, ton respectively. Their iron resource efficiencies of unit
process No. 11, No.12, ---, No.ln are r,,, r,,, -+, r,, respectively.

Thus, a new unit process No. 1 consists of N unit process too. The weight of product of

each unit process is as follows;
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Fig.8 Input of iron resources from outside N —1 unit process into midway in

the steel manufacturing process

Carrying on the weighted average to the iron resource efficiency of N unit process, then the

iron resource efficiency of the new unit process No. 1 is as follows:

Iy Swy try Wy e W, o, = E(wlj 'rl.i')' (6)

7=l
Also, the relational expression between the iron resource efficiency of the final product and

each unit process is

’=z(wu"'u)'fz'fs'f.;'fs- (7)
i=1

5.3 Input of Iron Resources from Outside Unit Process into Two Neighboring Unit
Processes in the Steel Manufacturing Process

In this example, unit process No.2 and No.3 in Fig. 1 are used for analysis.
It can be seen from Fig. 9 that the iron resource efficiency of the new unit process No. 1 is
same as Section 5. 1. The iron resource efficiency from the new unit process No. 1 to unit

process No. 21 can be called as another new unit process, its iron resources efficiency is

2
r
Ty =T, "Iy = Z(WU 'rlj) Ty
j=1

Fig.9 Input of iron resources from outside unit process into two unit processes

in the steel manufacturing process
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Carrying on the weighted average to r; and r,, , the iron resources efficiency of the new unit
process from the unit process No. 1 to unit process No. 2 is

' '
P =Wy Tyt Wy Ty

Thus,

2
r'=wy E(Wu 'fl_,') Ty tWy Ty, (8)

j=l

P'Z.l P'Z.l P'Z.Z
where T = = , Ty = )
P, Py + Py

Therefore, the relational expression between the iron resource efficiency of the final product
and each unit process in Fig.9 is

r= (Z(WU"'U) Wy Ty tUWy 'fzz) Try t Tyt Ts. (9)
j=1

5.4 Input of Iron Resources from QOutside Unit Process into Two Non-neighboring Unit
Process in the Steel Manufacturing Process

In this example, unit process No. 2 and No. 4 in Fig. 1 is used for analysis. The iron
resource efficiencies of unit process No. 12 and No. 32 are r, and r;, respectively.

It can be seen from Fig. 10 that the iron resource efficiency of unit process No. 1 is same as
Section 5.1. The iron resource efficiencies from the unit process No. 1 to unit process No. 31

can be called as another new unit process too, its iron resources efficiency is

2

r

ry = Z(WU 'rlj') RSN ETE
=

7

Ru

Fig. 10  Input of iron resources from outside unit process into two non-
neighboring unit process in the steel manufacturing process

Carrying on the weighted average to r;,and r3, , the iron resources efficiency of the new unit
process from the unit process No. 1 to unit process No. 3 is as follows .

,— - 4 -
T =Wy Tyt Wyt Ty

Thus,
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2
r' = (wJI ' Z(WU 'fl_;') TTy t 3 twy 'fsz)' (10)
i=1

PJI PJ'Z
where ry = ———, Iy = .
RJ'Z

Then the relational expression between the iron resource efficiency of the final product and

each unit process in Fig. 10 is as follows:
2
r= ( N (wy ory) cwsy oyt + g, -rjz) “r, TS (11)
j=1

5.5 Relational Expression Between the Iron Resource Efficiency of the Final Product and
Each Unit Process for the Real Steel Manufacturing Process

By reference to the course of formula derivation above, the relational expressions between
the iron resource efficiency of the final product and each unit process for the real steel

manufacturing process is as follows;

r= (((g(wu"’u) TWy Ty t Z(wzj 'fgj)) T Wy v Ty

+ Y (wy -rjj.)) Cwy Ty + Y (wy -r‘,j)) Ty, (12)
i=2 i=2

where w,; is a weight of product of unit process No. ij; r;; is an iron resource efficiency of unit
process No. ij (t/t) ; i is the unit process No. i in the steel manufacturing process, i =1, 2, ---,

5; j is the unit process No. j outside the steel manufacturing process,j =1, 2, -+, n.

6 Real Iron Flow Diagram of a Steel Manufacturing Process and
Its Drawing

The real iron flow diagram of a steel manufacturing process is much more complicated than
the simplified iron flow diagram. However, the previous discussion is sufficient for the analysis
of iron resource consumption in a real iron flow diagram. The specific methods for drawing a
real iron flow diagram are as follows:

(1) Structuring the real iron flow diagram for a specific steel manufacturing process by
using statistical data from a steel plant.

(ii) Calculating the amount of iron of every iron-containing material flow.

(iii) Balancing calculation of the amount of iron for each unit process. When the amount
of iron input into a unit process is more than that of the iron output, the missing part is regarded
as production loss. When the amount of iron input into a unit process is less than that of the iron

output, this part of the surplus can be noted, but it does not participate in the analysis of the
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influence of iron flow in the steel manufacturing process on its iron resource efficiency.

(iv) Calculating the amount of each iron flow in real iron flow diagram based on one ton
of final product. The amount of each iron flow in the diagram is equal to that real amount of
each iron flow divided by the amount of final product.

(v) Drawing the real iron flow diagram. Marking every unit process from up-stream unit
processes to down-stream at first; then indicating every iron flow direction with the arrow point ;

finally indicating name and iron-containing amount of every iron flow on and below arrow

point.
7 Calculation and Analysis of Iron Resource Efficiency

7.1 Review and Comparison of Chinese Steel and Iron Industry

The iron ore is important natural resources in steel industrial production, it accounts for
about 80% of the total amount of solid resource which is used for steel manufacturing"’in
China. The Chinese steel and iron industry has already consumed 14 billion t iron ore totally
from 1949 to 2002'*). GUO"’ reported that China’s metallurgical mineral resources situation is
a limit of about 50 years in domestic iron ore supply. The iron ore resource shortage in Chinese
iron and steel industry will become an important issue when the time comes. The appearance of
the shortage of iron ore resource is besides relating to the fact that a large number of iron ore
resource are consumed by iron and steel industry along with the high growth of the output of
Chinese steel, still relating to the less output of final steel product produced by one unit of the
iron ore resource. In 2002, the output of final steel product produced by one unit of the iron ore
resource was 0. 53 t/t in Chinese iron and steel industry. But the output of final steel product
produced by one unit of the iron ore resource in America and Japan were 1. 60 t/t and 0. 94 t/t
respectively'"’. The output of final steel product produced by one unit of the iron ore resource
in China was 0. 33 and 0. 56 times of America

and Japan respectively, have a long way to go.

1.3 T ———

12 —a— China
—e— America

DAI and LU analyzed the iron resource 5 o e
efficiencies of Chinese, American and Japanese ;:"; L1 [ 1
iron and steel industries in 1980 — 2002, and ; 1.0 F 1
drawing out the diagram of their iron resource % | TS ]
efficiencies in 1980 — 2002 by the aid of % v f/w \j\%"
document’s data'**! | as shown in Fig.11. It can Rl QP &&MAAHAAKM%M e
0.7

1980 1985 1990 1995 2000 2005
resource efficiency of Chinese iron and steel Year

industry is 0. 740 — 0. 810 t/t, America is 0.865 — Fig. 11 Iron resource efficiency for China,
1.258 t/t, Japan is 0. 826 —0. 935 t/t. In three  America and Japan from 1980 to 2002

be seen from Fig. 11 that the range of the iron
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countries, Chinese iron resource efficiency is the minimum, America is the highest, Japan is
between two countries. Except that because the Chinese EAF steel ratio is lower, more
important reason lies in the iron resource efficiency of the steel manufacturing process is
relatively low!"*’.

It is well known that improving the iron resource efficiency of the steel manufacturing
process, it is essential to reduce the consumption of natural iron resource, reduce pollutant
emission, improve the ecological environment, and promote the sustainable development of
Chinese steel and iron industry. So, it is important to study iron resource efficiency of the steel
manufacturing process. Now taking BF-BOF manufacturing process of a Chinese steel enterprise
as an example, analyze its iron resource efficiency, and propose measures to improve its iron

resource efficiency.
7.2 TIron Flow Diagram

On the basis of the above analysis, taking a real BF-BOF manufacturing process as
example, and analyzing the influence of iron flow on iron resource efficiency of finial product.
The steel manufacturing process consists of such five unit processes as mining, sintering, iron
making, steelmaking and hot rolling, efc. The input and output of various kinds of Fe-
containing materials for every unit process in the manufacturing process are shown in appendix.

Figure 12 is the real iron flow diagram in a real BF-BOF manufacturing process, which
consists of five unit processes, i. e. , mining, sintering, iron making, steelmaking and hot
rolling are denoted by the ordinal numbers of 1, 2, 3, 4, 5, respectively. P, and P, are the unit
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Fig.12 TIron flow diagram for a real BF-BOF process
MP—Mlining ; SI—Sintering; IM—Iron making; SM—=Steelmaking ;
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processes of manufacturing pellet; Il is the unit processes of manufacturing pig iron outside the
steel manufacturing process respectively.

7.3 Calculation and Analysis of Iron Resource Efficiency of the Final Product and the
Unit Process

According to Fig. 12, the amount of input iron from iron ore and other Fe-containing
natural resources into the steel manufacturing process is calculated as follows .

R =0.6908 +0.0070 +0.0009 +0.1154
+0.1614 +0.1666 +0.0032 +0.003 8

1.1491 t.

Therefore, the iron resource efficiency of the final product is
r=—=-—=0.87l/l. (13)

It can be seen from Fig. 12 that there are three kinds of raw materials input into unit process
No.2 (namely, sintering) , i. e. , the iron ore concentrate (0.607 6 t) , pellet (a,, =0.0061 t)
and ferrovanadium (a,, =0.000 9 t). The summation of three kinds of iron resource is 0.614 6
(0.6076 +0.0061 +0.0009) t. Therefore, their respective weights are as follows;

0.607 6

wi = ersg = 09886,
0.006 1

wo = 0etae - - 0099

w, = 2009 oo1s.
0.614 6

With its correspondence, iron resource efficiencies of unit processes for manufacturing iron

ore concentrate (r,, ) and manufacturing pellet (r,,) are as follows;

. 607
r = 20076 _ 6 8795 14,
0.690 8
0.006 1
=20 _0.8714 v
s 0.007 0 0.8 t/t

Because the ferrovanadium ore has been mined, and has been used for manufacturing
directly, its iron resource efficiency is r; =1.0 t/t (r, =1.0/1.0).

Also, according to above-mentioned calculating method, the weights and iron resource
efficiencies for different kinds of unit processes of input iron resources into iron making,

steelmaking and hot rolling can be calculated respectively, the result is shown in Table 1.
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Table 1 Weight and iron resources efficiency of different unit process

lf:tn;?lzfs Name of unit process Weight/(w) efﬁf:l;:]cjj‘()licift}
Mining w ,, , ry, 0.9886 0.8795
1 Pellet No. 1 (ay, ) wy, .12 0.0099 0.8714
Ferrovanadium ( aty, ) w5 .13 0.0015 1.0000
Sintering w,, ,ry, 0.7318 1.043 1
2 Pellet No.2 (o, ) wy ,rsn 0.1074 0.8155
Australian iron ore (as, ) Wy ,Fag 0.1608 0.8730
Hot metal w,, ,ry 0.8480 0.9836
3 Pig iron No. 1 (ay ) wyy .75 0.1451 0.884 6
Australian iron ore (ay, ) Wy T3 0.003 8 1.0000
Alloy material () wy .1y 0.0031 1.0000
4 Continuous casting bloom w, ,r, 1.0000 1.008 9
5 Steel product w; ,rs 1.0000 0.9754

Taking the data in Table 1 into (12), the iron resource efficiency of the final product is

r=(((0.9886 x0.8795 +0.0099 x0.8714 +0.0015 x1.0)
x0.7318 x1.0431 +0.1074 x0.8155 +0.160 8 x 0. 873 0)
x0.8480 x0.983 6 +(0.1451 x0.8846 +0.0038 x1.0
+0.0031 x1.0) x (1.0089 x1.0) x0.9754 = 0.87 v/t (14)

Comparing (13 ) with (14), it is evident that the value of the iron resource efficiency of
the final product is equal to the product of iron resource efficiencies weighted average of all unit
processes in the steel manufacturing process. This result is in conformity with the analysis in

Section 5.

7.4 Influence of Unit Increment of Each Iron Flow Rate on Iron Resource Efficiency of
the Final Product

According to the calculation steps in Section 7.2, the influence of unit increment of each
iron flow rate on iron resource efficiency of the final product can be calculated. The result is
shown in Table 2.

It can be seen from Table 2 when unit increment of each iron flow rate is 1 kg iron, the
steel scrap flow has more influence on iron resource efficiency of the final product than other
iron flow (except for emission flow, for example slab scrap, cutting head of steel, erc. ), the
iron resource efficiency of the final product has been increased by 0.000 84 t/t. So the iron and
steel enterprise should try one’s best to use the steel scrap to manufacture more steel products. It

not only helps to saving natural iron resources ,but also can improve the ecological environment.
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SHA , et al. ' reported that each ton steel produced by the steel scrap in steelmaking than using
the natural iron ore, which can save 1. 3 t natural iron ore, reduce 350 kg standard coal
consumption, reduce 1.4 t carbon dioxide, and reduce 600 kg waste slag. So, every country
should make the comresponding policy to encourage the iron and steel enterprise to strengthen the
recycling of the steel scrap, especially in China.

Table 2 Influence of unit increment of each iron flow rate on iron resource efficiency of the final product

Factor Variation of iron resource efficiency of the final product
(increment of 1 kg iron flow/t final product) (t/t finial product)
Iron tailing (Q, ) -0.000 74
Ferrovanadium ( ¢, ) +0.000 12
Pellet No. 1 (ay, ) -0.000 01
Sintering emission (Q, ) —0.000 84
Pellet No. 2 (ay, ) —0.000 01
Australian iron ore (., ) +0.000 11
Blast furnace slag ( Oy, ) —0.000 85
Blast furnace emission ( @5, ) —-0.000 85
Steel scrap (S, ) +0.000 84
Australian iron ore (a,,) +0.000 08
Alloy material (a,; ) +0.000 08
Bloom scrap (Q,, ) —0.000 86
Converter ash (Q,,) —0.000 86
Steelmaking emission ( Q,; ) —0.000 86
Rolling scrap (Qs, ) -0.000 87
Waste head metal (Q,,) —0.000 87
Buming loss ( Q) —-0.000 87
Note . " — "is depressed; “ + " is increased.

In addition, when the amount of iron emission flow of each unit process increases 1 kg/t
final product, the larger the ordinal number of the unit process where the emission flow
happens, the larger will be the influence on the iron resource efficiency of the final product. In
order to solve this problem, there are two measures as follows; (i) Within an enterprise,
implementing cleaner production. In headstream of each unit process, control the consumption
of raw material used in a unit process, and reducing consumption of the poisonous and harmful
raw material. In manufacturing process, adopting cleaner production technologies and new
equipments; reducing the emission of the byproducts and wastes; and improving resource
utilization efficiency. For example, adopting thin slab continuous casting and rolling process in
the steel manufacturing process, has not merely saved the energy, and has reduced amount of
the roll scale. (ii) Among enterprises, establishing the ecology industrial chain, setting up the

eco-industrial park by taking iron and steel enterprise as the core, making one enterprise’s
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byproduct and waste to be used by another enterprise to process other product. For instance, the
blast furnace slag of the iron and steel enterprise can be transported into the cement plant that

produce slag cement or other green building products, etc.

7.5 Influence of Iron Resource Efficiency of Unit Process on Iron Resource Efficiency of
the Final Product

Similarly , according to the calculation steps in Section 7.2, the influence of increment of
1% iron resource efficiency of each unit process rate on iron resource efficiency of the final
product can be calculated. The result is shown in Table 3.

Table 3 Influence of increment of 1% iron resource efficiency of each unit
process rate on iron resource efficiency of the final product

Factor Variation of iron resource efficiency of the final product
(increment of 1% iron resource efficiency) /%
Mining (r,, ) 0.78
Pellet No. 1 (r,) 0.16
sintering (ry, ) 0.79
Pellet No.2 (ry ) 0.24
Iron making (ry, ) 1.00
Pig iron process ( r;; ) 0.30
Steelmaking (r,) 1.16
Hot rolling (ry) 1.16

There are four results as follows from Table 3 .

(i) The iron resource efficiency of the final product increases with the iron resource
efficiency of the unit processes. The higher the iron resource efficiency of the unit process, the
higher will be the iron resource efficiency of the final product.

(ii) The higher the iron resource efficiency of the unit process, the larger will be the
influence on the iron resource efficiency of the final product. For example, the iron resource
efficiencies of the mining process ( r,, ) and pellet No.2 (r,,) are 0.879 5 t/t and 0. 815 5 t/t
respectively. When the iron resource efficiency of each unit process is increased by 1% , they
make the iron resource efficiency of the finial product increased by 0.78% and 0.24%
separately. So, the influence of iron resource efficiency of the mining process on the iron
resource efficiency of the final product is more than pellet No. 2.

(iii) When the value of iron resource efficiency of the unit process is approximate or equal
to, the larger the weight of the unit process’ product, the larger will be the influence on the iron
resource efficiency of the final product. For example, the iron resource efficiencies of the
mining process ( r,,) and pellet No.1 (r,) are 0. 879 5 t/t and 0. 871 4 t/t, and their weight

are 0. 988 6 and 0.009 9 respectively. When the iron resource efficiency of each unit process is
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increased by 1% , they make the iron resource efficiency of the finial product increase by 0.78%
and 0.16% separately.

(iv) When the weight of the unit process is equal to another unit process, the influence of
iron resource efficiency of unit process on iron resource efficiency of the final product is same.
For example, the weight of steelmaking and hot rolling is 1, when the iron resource efficiency
of each unit process is increased by 1% , they make the iron resource efficiency of the finial
product increase by 1. 16% separately.

So, while making measures to improve iron resource efficiency of the finial product,
synthetically such factors on iron resource efficiency of the finial product as iron resource
efficiency of unit process and weight, efc. should be considered, so that these measures are

more effective to save natural iron resource for the steel manufacturing process.

8 Conclusions

(i) The iron flow is a key in the steel manufacturing process and the iron and steel
enterprise and it has influences on the consumption of the iron resources for the iron and steel
enterprise and the industry. So the iron flow analysis must fully be paid attention to.

(ii) The simplified iron flow diagram is a basis of quantitatively analyzing complex iron
flow in the steel manufacturing process. It is a basic of the analysis of the various ways iron
flows deviation from the simplified iron flow diagram, and how they affect the iron resource
efficiency too. And it can analyze the influence of iron flow on iron resource efficiency of the
final production very clearly.

(iii) Recycling of byproduct and waste within a unit process or from a unit process to its
upper-stream unit process has no influence on the iron resource efficiency of the final product.
But it does have some influence on the iron resource efficiency of the unit process, and increases
its energy consumption and cost of final product. So, It is best to reduce the amount of the
byproduct and waste in the manufacturing process.

(iv) Input of steel scrap into any unit process of the steel manufacturing process from the
surroundings increases the iron resource efficiency of the final product, and as more steel scrap
is input into any unit process, the higher will be the iron resource efficiency of the final product.
So, should input more steel scrap from surroundings into the manufacturing process if
manufacturing technology is allowed.

(v) Output of byproduct and waste from any unit process to the surroundings decreases the
iron resource efficiency of the final product; and the more the amount of iron output, the less
will be the iron resource efficiency of the final product. So, in order to reduce the amount of the
byproduct and waste in the manufacturing process, the enterprise should improve the
manufacturing technology, strengthen the manufacturing management, and improve production
efficiency.
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Appendix

The case of the paper is a real BF-BOF manufacturing process that belongs to a steel
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enterprise in Tangshan, Hebei Province, China. The steel manufacturing process consists of
such five unit processes as mining, sintering, iron making, steelmaking and hot rolling, efc.

The mining process is an open iron mine. It was built up on July 1, 1975. Its design production
capacity is 1 500 000 t every year, and its product is magnetic iron concentrate. There are one
large-scale sintering material ground, two 180 m’ sintering machines and one 265 m’ sintering
machine in the sintering process. Iron ore concentrate, pellet powder, converter slag and other
materials are used to produce sinter. The sinter goes down-stream into iron making process with
raw material. There are two 1 260 m’ blast furnaces and one 2 560 m’ blast furnace in the iron
making process. Sinter, Australian iron ore, pellet and other materials are used to produce hot
metal. The hot metal goes down-stream into steelmaking process with raw material. There are four
40 t basic oxygen furnaces and six bloom continuous casters. Its product sizes mainly are 135 mm’,
165 mm®, 165 mm x225 mm and 165 mm x280 mm continuous casting blooms, and they go down-
stream into hot rolling process with raw material. The hot rolling process was built up in June, 1996.

Its design production capacity is 800 000 t every year. Its steel grades are carbon structure steel
and low-alloy steel, and its product size range are @12 —40 mm hot rolling ribbed steel bar and
$14 —50 mm hot rolling round bar. The input and output of various kinds of Fe-containing

materials for every unit process in the steel manufacturing process are shown in Section A. 1.

A.1 Input and Output of Various Kinds of Fe-containing Materials for Every Unit Process
in a Steel Enterprise

Through going to the steel enterprise to carry on the on-the-spot investigation, we have
collected the input and output of various kinds of Fe-containing materials and ore grade (or their Fe
concentration) for every unit process in this enterprise , see Tables Al — A7 for all unit processes data.

Table A1 Data of Fe-containing materials in hot rolling process

Name Weight/t Fe concentration/ %
Continuous casting bloom 949 846.18 100
Final steel product 926 498.42 100
‘Waste head metal recycled 7123.85 100
Roll scale recycled 5558.99 100
Output of scrap 5 188.39 100
Output of waste head metal 4550.03 100
Burning loss 926.50 100

Table A2 Data of Fe-containing materials in the steel making process

Name Weight/t Fe concentration/ %
Hot metal 846 153.38 94.35
Pig iron 144 767.23 94.35
Australian iron ore 5491.30 64
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Continued

Name Weight/t Fe concentration/ %
Alloy material 18 414.76 15.99
Waste head metal 7123.85 100
Roll scale 6 079.02 100
Converter ash recycled 9 704.96 46
Steel scrap recycled 18 047.08 100
Converter slag recycled 29 720.31 14.34
Converter slag recycled into sintering 60 086.72 14.34
Bloom scrap 2659.57 100
Continuous casting bloom 949 846. 18 100
Steel scrap 10 353.32 100
Emission of converter ash 4124.94 59.87

Table A3 Data of Fe-containing materials iron making process

Name Weight/t Fe concentration/ %
Sinter 1 183 085.89 57.56
Australian iron ore 230 153.71 65
Pellet 154 545.37 60.5
Sintering return mines 151 119.82 57.56
Australian return iron ore 20 289.92 65
Pellet return fines 10 489.50 60.5
Waste iron recycled 807.14 94.35
Blast furnace slag 282 050.79 1.26
Blast furnace ash 23 342.17 39.15
Hot metal 846 153.38 .35
Table A4 Data of Fe-containing materials in sintering process
Name Weight/t Fe concentration/ %

Iron ore concentrate 825 060.91 68.23
Pellet powder 9 818.34 58
Ferrovanadium 2076.18 40
Converter slag 60 394.70 14.34
Sintering return mines 151 119.82 57.56
Australian return iron ore 29 289.92 65
Pellet return fines 10 489.50 60.5
Blast furnace ash 23 342.17 39.15
Sinter 1 183 085. 89 57.56
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Table AS Data of Fe-containing materials in mining process

Name Weight/t Fe concentration/ %
Iron ore 2276 426.35 28.12
Iron ore concentrate 825 060.91 68.23
Iron tailing 1467 529.09 5.26

Table A6 Data of Fe-containing materials in shaft furnace pellet process No. 1

Name Weight/t Fe concentration/ %
Tron ore concentrate 9312.70 66. 43
Pellet powder 9818.34 58
Emission 36.33 61.78

Table A7 Data of Fe-containing materials in shaft furnace pellet process No. 2

Name Weight/t Fe concentration/ %
Tron ore concentrate 146 586.29 66.43
Pellet 154 545.37 60.5
Emission 571.82 61.78

A.2 Working Out Input/Qutput Balance Sheet of Fe-containing Materials for Every Unit
Process in a Steel Enterprise

A.2.1 Working Out Input/Output Balance Sheet of Fe-containing Materials for Hot
Rolling Process
Based on one t final steel product, and calculating the amount of each iron flow in the hot
rolling process, then working out its input/output balance sheet of Fe-containing materials. The
input and output of various kinds of Fe-containing materials were shown in Table 1 while
926 498.42 t steel was produced in the unit process. The calculating process and their results are
as follows
Calculating the amount of Fe-containing continuous casting bloom on basis of one t final
steel product is as follows;

949 846. 18 x 100%

o = =1.0252 t Fe.
926 498. 42 x 100%

The amount, that the waste head metal from hot rolling process is recycled into steelmaking

process for repeat treatment, is as follows;

7 123.85 x 100%
= =0.007 7 t Fe.
Psw = 53620842 x 1009~ 0077 tFe
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The amount, that the roll scale from hot rolling process is recycled into steelmaking process

for repeat treatment, is as follows:

5 558.99 x 100%

= =0.006 0t Fe.
Poo = 536 498. 22 x 100% ‘
Output of scrap in hot rolling process is as follows .
188. 1
Qs = > 188. 39 x 100% =0.0056t Fe.

926 498. 42 x 100%
Output of waste head metal in hot rolling process is as follows:

_4550.03 x 100%
"~ 926 498. 42 x 100%

052 =0.004 9 t Fe.

The amount of buming loss in hot rolling process is as follows:

0. = 926. 50 x 100%
* 7 026 498. 42 x 100%

= 0.001 0 t Fe.

Working out input/output balance sheet of Fe-containing materials for hot rolling process by

above-mentioned calculation ( see Table A8).

Table A§ Input/output balance sheet of Fe-containing materials for hot rolling process

Weight

Ite N

m ame (t Fe/1 t final product)
Tnput Continuous casting bloom 1.025 2
P Total 1.025 2
Steel 1.000 0
‘Waste head metal recycled 0.007 7
Roll scale recycled 0.006 0
Output

Qutput of scrap 0.005 6
Output of waste head metal 0.004 9
Burning loss 0.0010
Total 1.025 2

A.2.2 Working Out Input/output Balance Sheet of Fe-containing Materials for

Steelmaking Process

The input and output of various kinds of Fe-containing materials were shown in Table 2

while 949 846. 18 t continuous casting bloom was produced in the steelmaking process. Now

calculating the amount of each iron flow in the steelmaking process on basis 1. 025 2 t of

continuous casting bloom, and then working out its input/output balance sheet of Fe-containing

materials. The calculating process and their results are as follows;
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The amount of iron input of hot metal from iron making process into steelmaking process on
basis of 1.025 2 t continuous casting bloom is as follows :

_ 846 153. 38 x 94.35%
7 949 846. 18 x 100%

x1.0252 =0.8617 t Fe.

The amount of iron input of pig iron from iron making process into steelmaking process is
as follows.
144 767.23 x 94. 35%

= x1.0252 =0.147 4 t Fe.
949 846. 18 x 100%

Oy,

The amount of iron input of Australian iron ore into steelmaking process is as follows .

_5491.30 x 64%
949 846. 18 x 100%

x1.0252 =0.003 8 t Fe.

(L 75)

The amount of iron input of alloy material into steelmaking process is as follows;

18 414.76 x 15. 99% %x1.0252 = 0.003 2 t Fe
L _ - 0. 3
“ 949 846. 18 x 100%

The amount of iron input of waste head metal from hot rolling process into steelmaking

process is as follows:
Bs.u =0.007 7 t Fe.

The amount of iron input of roll scale from hot rolling process into steelmaking process is as
follows :

Bj_42 = 0- 006 0 t Fe-

The amount of iron output of steel scrap in steelmaking process that recycles to the starting

point of the process for repeat treatment is as follows :

B . = 18 047. 08 x 100% «1.0252 = 0.019 5 t Fe.
' 949 846. 18 x 100%

The amount of iron output of converter ash that recycles to the starting point of the process

for repeat treatment is as follows:

9704. 96 x 46%
= 1.025 2 =0.004 Fe.
Biw = 51984618 x 1009 * 0% 2 =0.004 8 ke

The amount of iron output of converter slag that recycles to the starting point of the process

for repeat treatment is as follows;

B, = 22031 x4 39% 4 352 = 0.004 6t Fe.
"2 7 7949 846. 18 x 100%
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The amount of iron output of converter slag from steelmaking process, what is recycled into

sintering process for repeat treatment, is as follows:

_ 60 086.72 x 14.34%

s 2 = x1.0252 =0.009 3 t Fe.
' 949 846. 18 x 100%

The amount of iron output of bloom scrap from steelmaking process is as follows .

_2659.57 x 100%
"~ 949 846. 18 x 100%

Qu x1.0252 =0.002 9 t Fe.

The amount of iron input of steel scrap into steelmaking process is as follows:

= 1039332 X 100% 555~ 0.011 2 ¢t Fe.
949 846. 18 x 100%

The amount of iron output of converter ash from steelmaking process is as follows;

4 124.94 x 59.87%

= x1.0252 =0.002 7 t Fe.
949 846. 18 x 100%

042

The amount of emission from steelmaking process into the surroundings is as follows:
Qs =0.8617 +0.1474 +0.0038 +0.003 2 +0.007 7
+0.0060 +0.0112 -0.0093 -0.002 9 -0.002 7
-1.0252 =0.000 9 t Fe.

Working out input/output balance sheet of Fe-containing materials for steelmaking process

by above-mentioned calculation (see Table A9).

Table A9 Input/output balance sheet of Fe-containing materials for steelmaking process

Weight
fem Name (t Fe/1 t ﬁngal product )
Hot metal 0.8617
Pig iron 0.147 4
Australian iron ore 0.003 8
Alloy material 0.003 2
Waste head metal 0.007 7
Input Roll scale 0.006 0
Converter ash recycled 0.004 8
Steel scrap recycled 0.019 5
Converter slag recycled 0.004 6
Steel scrap 0.011 2
Total 1.069 9
Continuous casting bloom 1.025 2
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Continued

Weight
ftem Name (tFe/1t ﬁngal product)
Converter ash recycled 0.004 8
Steel scrap recycled 0.0195
Converter slag recycled 0.004 6
Output Converter slag recycled into sintering 0.009 3
Bloom scrap 0.0029
Emission of converter ash 0.002 7
Emission 0.000 9
Total 1.069 9

Due to the limited space, other unit processes can be worked out their input/output balance
sheet of Fe-containing materials according to above-mentioned calculating method. These results

are shown in Tables A10 — Al4 respectively.

Table A10 Input/output balance sheet of Fe-containing materials for iron making process

Weight
ftem Name (t Fe/1 t final product)
Sinter 0.7350
Australian iron ore 0.1614
Input Pellet 0.1009
Waste iron recycled 0.0009
Total 0.998 2
Hot metal 0.8617
Sintering return mines 0.0939
Australian return iron ore 0.0205
Pellet return fines 0.006 8
Qutput Waste iron recycled 0.0009
Blast furnace slag 0.003 8
Blast furnace ash 0.0099
Emission 0.0007
Total 0.998 2

Table A11 Input/output balance sheet of Fe-containing materials for sintering process

Weight

It N

em ame (t Fe/1 t final product)
Iron ore concentrate 0.607 6
Pellet powder 0.0061
Ferrovanadium 0.0009
Input

Converter slag 0.009 3
Sintering return mines 0.0939
Australian return iron ore 0.0205
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Continued

Ttem Name Weight
(t Fe/1 t final product)

Pellet return fines 0.006 8

Blast furnace ash 0.009 9

Total 0.7550

Output Sinter 0.735 0

Emission 0.0200

Total 0.7550

Table A12 Input/output balance sheet of Fe-containing materials for mining process

Ttem Name Weight
(t Fe/1 t final product)

Tron ore 0.690 8

Input
Total 0.690 8
Iron ore concentrate 0.607 6
Output Iron tailing 0.083 2
Total 0.690 8

Table A13 Input/output balance sheet of Fe-containing materials for shaft furnace pellet process No. 1

Ttem Name Weight
(t Fe/1 t final product)

Iron ore concentrate 0.007 0

Input Total 0.007 0

Pellet powder 0.006 1

Output Emission 0.000 9

Total 0.007 0

Table A1l4 Input/output balance sheet of Fe-containing materials for shaft furnace pellet process No. 2

Ttem Name Weight
(t Fe/1 t final product)

Iron ore concentrate 0.1154

Input Total 0.115 4

Pellet 0.100 9

Output Emission 0.014 5

Total 0.1154
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Effect of Connexin 43 remolding
in Vascular Restenosis
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Abstract . Percutaneous transluminal coronary intervention ( PCI) is now one of the main therapeutic
measures and has been developed into a mature interventional treatment in coronary atherosclerosis
heart disease. However, the long-dated therapeutic effect is compromised by the high incidence of
post-angioplasty restenosis which has not been solved yet. We hypothesize that connexins ( Cxs)
remodeling may take part in the process of vascular restenosis. Aim: To assess the role of Cx43 in the
development of vascular restenosis. Methods: We established restenosis model at different time after
injury, infected balloon-injurey rat carotid arteries with lentivirus vector expressing a small interfering
RNA (siRNA) against rat Cx43 mRNA ( Cx43-RNAi-LV ) as Cx43-RNAi-LV-treated arteries, with
blank lentivirus vector ( NC-GPF-LV ) as NC-GPF-LV-treated arteries. Intima/media (I/M) ratios
were used to evaluate the degree of restenosis. Results: The degree of restenosis was gradually
increased with the time after balloon injury, but the restenosis was lower in Cx43-RNAi-LV-treated
arteries than untreated or NC-GPF-LV-treated arteries at 28 after balloon injury. Conclusion: Silencing
Cx43 gene may prevent the development of vascular restenosis and Cx43 appears to be a major
regulator in the process of vascular restenosis. These results in present study provide new insights into
the understanding of pathogenesis of restenosis after PCL

Key words : lentiviral, RNAi, connexin 43, restenosis
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1 Introduction

Coronary atherosclerosis has become the main cardiovascular disease in humans. Last
century , one of the main therapeutic measures is percutaneous transluminal coronary intervention
(PCI), which can improve coronary blood flow, reduce angina pectoris and improve the life
quality of patients, and the operation is easy and less injury. However, the high incidence of
restenosis (RS) affects the clinical effect of PCI. Usually, the rate of RS is from 20% to 50%
after 6 months of PCI. Even if in the implanted stent, RS incidence rate is about from 25% to
30% '''. Thus, it is necessary to look for a novel therapeutic method to prevent restenosis.

It is widely believed that vascular smooth muscle cells ( VSMCs ) proliferation and

migration is a key factor in RS'’

. VSMCs whose principal function is contraction in mature
animals are highly differentiated. But during vasculogenesis, VSMCs would proliferate and
produce matrix components of the blood vessel wall. Moreover, the VSMCs retain remarkable
plasticity and they can undergo relatively rapid and reversible changes in their phenotype in
response to changes in local environmental cues normally required for maintaining their
differentiated state.

Gap junctions (GJ) are plasma membrane spatial microdomains constructed of assemblies
of channel proteins called connexins in vertebrates and innexins in invertebrates. The channels
provide direct intercellular communication pathways allowing rapid exchange of ions, second

[3]

messengers and small metabolites of up to 1 kDa in molecular mass'"'. In vitro studies have

demonstrated that permeability, conductance, and other properties of gap junction channels

depend on the precise make-up of their component connexins */

In the major arteries,
endothelial gap junctions may simultaneously express three connexin isotypes, Cx40, Cx37, and
Cx43, whereas VSMCs predominantly express Cx43 and, in some instances, Cx40 or
Cx45"""). Studies have demonstrated that Cx43 expression was significantly increased during
the change of VSMC phenotype'®’. That the size, quantity, distribution and structure of Cx43
vary in different regions of the vascular tree and change with vascular lesions was known as
Cx43 remodeling. It has been widely confirmed that Cx43 remodeling can affect the conductivity
and permeability of GJ, and following affect the electrical, chemical, metabolic channels
between adjacent cells, which has been acknowledged to be a molecular pathological basis of
vascular diseases' ™"’

siRNA can be used to silence individual gene expression with a high degree of specificity,
which has been proved as a promising strategy for target-directed therapies in a range of

diseases' ">’

. In present study, we investigated the role of Cx43 remodeling in the process of
RS, and examined the effect of silencing Cx43 gene by siRNA on vascular restenosis in balloon-

injured rat carotid arteries.
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2 Materials and Methods

2.1 Experimental Animal

Male Sprague Dawleg (SD) rats (300 —400 g) were purchased from the Department of
Animal, Nanchang University, China, and maintained on a regular chow diet. All procedures
were in accordance with current National Institutes of Health Guidelines and were approved by
the Institutional Animal Care and Use Committee.

2.2 Establishment of the Balloon-Injury Model and siRNA Treated

Rats were anesthetized with an intraperitoneal injection of a hydral (10% , 3.5 mL/kg).
Rat carotid artery injured was completed by an angioplasty balloon (1.5 mm x20 mm, Cordis)
through an incision in the left external carotid artery to the common carotid artery. The balloon
was inflated sufficiently in the carotid artery and was drawn 3 times consistently from proximal
part to the carotid bifurcation to produce endothelial denudation. The external carotid was ligated
and blood flow in the common carotid was restored. Benzylpenicillin sodium (40 wIU/d for
3 d) was used to prevent infection with an intramscular injection. The rats were placed on a
general diet. To examine the effect of silencing Cx43 gene by siRNA on vascular restenosis, the
rats were randomly divided into 4 groups (n =6 per group): control ( no balloon injury ),
untreated injured ( balloon injury only), Cx43-RNAi-LV-treated, injured (balloon injury +
Cx43-RNAi-LV ) and NC-GPF-LV-treated, injured ( balloon injury + NC-GPF-LV ).
Lentivirus (5 x 10° TU/mL, 100 pL) was injected to balloon-injury rat carotid artery by
polyethylene catheter, incubated at 37 C for 1 h. The arteries were collected at 28 d after
balloon injury. Antisense siRNAs and control siRNAs were synthesized by GeneChen ( China).
The sequences were as follows: siRNA:. 5'-AGAGCACGGCAAGGTGAAA-3', control:
5'-TTCTCCGAACGTGTCACGT-3'""*!, Rats were sacrificed with overdose of hydral at 0 d,
7d,14 dor 28 d (n =6 per group) after injury. 0.5 cm length of the injured common carotid

arteries were collected in 10% formalin and the remaining were collected in EP.
2.3 Hematoxylin/Eosin Staining

Three serial cryosections (5 pm) from the middle portion of rat carotid arteries were
stained with hematoxylin/eosin ( HE). The stained sections were observed under a light
microscope. The intima areas and media areas were measured, and the degree of restenosis was
evaluated by the intima/media (I/M) ratio.

2.4 TImmunohistochemisty

The cryosections (5 pm) were washed with PBS (pH =7.4) three times, followed by
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blocking of endogenous peroxidase with H,0, (3% , 5 pL) for 10 min. Then sections were
incubated with 10% goat serum for 30 min at room temperature and incubated with a 1:125
dilution of a rabbit polyclonal anti-Cx43 antibody (Zymed Laboratories, USA) at 4 T
overnight. Sections were washed in PBS three times and further incubated with a biotinylated
antirabbit secondary antibody (1:1000 dilution, 50 pL) for 1 h at room temperature. After
incubation, the sections were washed with PBS and treated with Vectastain ABC kit from Vector
Labs for 30 min. A diaminobenzidine (DAB, 100 pL) stain kit was used to detect positive

reaction by producing a brown color. Slides were then counterstained with hematoxylin.
2.5 RT-PCR

Total RNA was isolated from rat carotid tissue by trizol reagent ( TianGen, China ), and
used as a template for cDNA synthesis using oligo (dT) primers with the superscript Il kit
(Promega, USA ). The PCR primers for Cx43 was as follows ( forward primers.: 5'-
AAAGGCGTTAAGGATCGCGTG-3'; reverse primer; 5'-GTCATCAGGCCGAGGCCT-3')'"7 |
and B-actin ( forward primers: 5’'-CCCATCTATGAGGGTTACGC-3'; reverse primer: 5'-
TTTAATGTCACGCACGATTTC-3"). The primers were synthesized by Generay (China). Cx43
RT-PCR amplification conditions was as following: for Cx43, 94 T for 2 min followed by 32
cycles at 94 C for 45 s, 58 C for 45 s, and 72 C for 90 s with final extension at 72 C for
5 min; for B-actin, %4 C for 2 min followed by 28 cycles at 94 C for 30 s, 56 C for 30 s, and
72 C for 90 s with final extension at 72 C for 5 min. The amplified RT-PCR products (5 pL)
were separated on 1.2% (w/v) agarose for 30 min and stained with ethidiumbromide.

2.6 Western Blotting

The carotid arteries were pulverized in lysis buffer using a homogenizer, centrifuged at
12 000 r/min at 4 C for 10 min. Pellets were resuspended in sample buffer containing 4%
SDS. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes
(Millipore). The membranes were blocked for 2 h at room temperature in 5% skim milk, and
then were incubated with rabbit polyclonal anti-Cx43 antibody (1:250 in 5% skim milk) or
GAPDH monoclonal primary antibody (1: 1000 in 5% skim milk, Chemicon, USA) overnight
at 4 C. The membranes were then washed three times with TBS-T solution, subsequently
incubated with relative horse-radish peroxidase-conjugated IgG secondary antibody (Zhong Shan
Golden Bridge, China) for 2 h at room temperature, washed in TBS-T three times, and protein
was visualized by enhanced chemiluminescence ( Applygen, China) and exposed to X-ray film.
The intensity of protein bands was quantified using BandScan 5. 0 for densitometric analysis.
The intensity of each Cx43 band was normalized using the GAPDH band intensity.

2,7 Statistical Analysis

The numerical data are presented as (mean + standard deviations) (SD). All values were
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NOVA. An unpaired student 7 test was used to
were compared. P < 0. 05 was considered a

del

i in HE was performed in different time points
1 control arteries, neointima formation occurred
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Fig.1 Photographs of carotid arteries from 6 rats at different time points ( A: control; B—E. 0d,7d,
14 d, 28 d after balloon denudation injury, respectively (the upper, x 100, the bottom, x400).
Values were expressed asx =5, * P < 0.05, #* = P<0.01 vs. Control)
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