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Abstract

After considering the actual dimension of reinforced concrete struct e@hickness
and geometrical boundary condition of concrete cover,%:del of osion-induced
expansion can be simplified as a plane model of semi-j h h theoretical

ite body, T
analysis, formulas are got to calculate corrosionsifreuego expgnWess of concrete

cover. The results shows that: the corrosion-ind rack owi d on the interface

between concrete and the corrosion layer, if initial cracking_is nowin vertical direction to

the surface of concrete cover, cracks along %ar indv.@y the uplift and horizontal

tension stress on the surface of the cone over may oceur from its outer to inner, it

also presents that the anti-rust ability \ orceg c@te structures could be improved

by increasing the thickness of coﬁr} cov%' ing the grade of concrete, and
h

increasing the diameter of reb (@1 ared wit existing literatures, the precision of
the theoretical solutions is vw&. . 6
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—

steel bar te cover, thus effectively reducing the effective
bearing ar memb ion and shortening the life of the structure. At present,
many scholars hav cted studies on dimensions [1-4] of steel-bar corrosion
mechanism, theoreti€¢alr model of corrosion-expansion and corrosion rate model, etc.
Among them,@theoretical model analysis, scholars generally regard rebar and
concrete arilun s the study object. Assuming that steel-bar corrosion is uniform to

L 2
Corrosion of x rispo ’ek;he main causes affecting durability of concrete
structures,ﬁ‘ sion w@d to deterioration of mechanical performance of
ncre

generate geneous corrosion expansion stress, and the concrete structure is
considefedy as an infinite plate and simplified to single or double-walled cylinder
subj @ 0 uniform internal pressure [4]. Based on this model, Jin Weiliang et al [5]

died the expansive force mechanism using elastic mechanics method and
h presented a theoretical calculation formula of expansive force, and have
discusses the various influencing factors related to expansive force of steel bars.
Bhargava et al. [6-7] have assumed that the elastic modulus and Poisson's ratio of
steel-bar corrosion product are the same with those of rebar, taking the rebar and
corrosion products as a whole, and assuming that its elastic modulus and Poisson's
ratio are 210GPa and 0.3 Poisson’'s ratio respectively, thereby establishing analysis
model of concrete cracking time. Zhao Yu Xi [8] has used the theory of damage
mechanics and elastic mechanics, taking concrete damage into account, and has
build corrosion-expansion cracking model of some cracked concrete covers.
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The concrete considered as an infinite plate and simplified to single or double-
walled cylinder is actually to simplify the free surface of the protective layer into
lines, and in this way, stress distribution pattern of protection layer surface cannot
be obtained. In addition, it is also found [9] in simulation analysis using finite
element that stress distribution is not circular in concrete near the side of the surface
of protective layer, and the surface of protective layer has large tensile stress near
the same direction of rebar. In terms of the actual size of reinforced concrete
structure, it is more reasonable to consider the structure influencing the protective
layer thickness as the semi-infinite plate than as the infinite plate, and limited to the
complexity of theoretical derivation for the semi-infinite plate, there is rare relevant
theoretical research. In this paper, the actual structure is simplified as a plane model
of semi-infinite body, and the theoretical model for corrosion-expansion of concrete
cover is established, and stress formula of protective layer corrosion-expansion has
been obtained through theoretical analysis. V’

1. Rebar Corrosion-Expansion Model and its Computing Th@

In corrosion-expansion model used in this paper, concretesis cogSi as semi-
infinite plate. Assuming that the radius of rebar is b, efastic mod@lug of concrete
as E and Poisson's ratio as v, and the concrete affe expanSiyeforce in contact
with rebar results in balanced corrosion-expans spla &r? he distance from
rebar center to the cover surface is ¢, and the motet’is as sho elow:

N Concrete cmq@%\ry ‘\%

c - rrosion-expansion
| - ~ .
ST = displacement A

&igure 1. The Model of Uniform Corrosion

el shown in Figure 1, if the concrete is regarded as uniform infinite
roblem is converted to stress and displacement of axisymmetric plane
Literature [10] gives the expressions of corresponding stress and

%cement components:

A A
o, :r—2+28;a,, :—r—2+ZB;rm =0

1-v? v (A v
u, = 5 [ (1+l—v) , +2(1 1_V)Br,ug =0
Wherein, A and B are the unknown quantities. Figure 1 shows that there are the
following two boundary conditions of(or)r=0=0 and (ur)r=b=A, and when brought
into the formula (1), the expressions of stress components at any point in the

concrete under polar coordinates can be obtained:
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o - b-E-A o - b-E-A . -0
Tt @) T @) T
(2)

It should be noted that the above expression is a result of seeing concrete as
analysis on infinite plate. In practical engineering structures, rebar is covered with
concrete cover of certain thickness outside, and formula (2) does not consider the
effect of the cover thickness on the stress state. Therefore, a cross-section is incised
at x=-c of the infinite plate, and corrosion-expansion model is established as shown
in Figure 1. Nevertheless, surface force exists on the concrete cover boundary at this
time, and the expression of surface force may be obtained by formula (2):

_(y*-c?)-b-E-A _ 2.c-y-b-E-A
(Gx)x:—c = (02 n yz)z '(1+_V) (fxy)x:—c (C2 " yz)z -(1+V) (3)
*
However, in practical engineering structures, concrete cover surface is i t
with the atmosphere without external forces. Therefore, surface forc ite to
that described in formula (3) is superimposed, and the stress state ¢ it can
be presented by calculation results of stress compo XpPressi r normal
and tangential surface force on semi-plane bou K ive ature [10].
Wherein, the stress component expressions un rmal %Von semi-plane
boundary are:
q-X-(y- \q x*-(y - $) 4
657 j[x+ Sly o1 *)

Wherein, q is the normal stre a‘sem plate surface; & represents
distance from any point in surf E( & -axis, and q is a function of &.
Therefore, when g=-(ox)x=- ress compontent expression at any point of cover
can be obtained: Q

: (5)

‘f (y-&)-(x+0)?

Ty dé
i (1+V) [(x+c)* +(y =&)Y
From . Michell's solution in elastic mechanics, stress component expression

tress on semi-plane boundary can be obtained:

X(Y=9) 4. p-(y—¢)° p-x-(y—¢&)°

5l dé 6

Q}? e e [ e oo ©
erein, p is the horizontal shear stress on surface of semi-infinite plate, and & is

defined as above. Thus, when p=-(txy)x=-c, the stress component expression for

any point in the cover can be obtained:

< )
4 c.b-E-A m'(y—é)‘(xw)
T ‘ 2 272 dég
7 l+v [(x+c)* +(y-&)°]
5

y

T l+v [(x+c) +(y- 5)]
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. _AchbEA (c? +f)2 -8 (X+C)d§

Yo l+v [(x+c)? +(y-&)°T

In this case, the formula (2) is converted to the form in coordinate system in
Figure 1, and it is superimposed with formulas (5) and (7), and then corrosion-
induced expansive stress solution when concrete cover is free of external force can
be obtained in graph model:

(¢*-¢)

:(yz—xz)-b-E-A_g'b-E-A.J (55 oy
COHY) ) (L) o)+ (y =) T
4 obEA (& if) (y-4) (X+C)2d
1 1+ O+ (- °

@) N
:(xz—yz)-b~E.A_2,b-E.A_J(§2+cz)z-(y 9) (X+C)d§ 0?*

POy (+v) 1 (L+v)

- [P+ (- O°F .
&
r  l+v [(X+C) +(y-¢) ]2 O VV
E=9) (. (xecy \

. 2:x-y-b-E-A 2 b-E-A I(g‘ +c%)? Q .
YY) () T () [(x+c)*+ (y—‘)Q]ZO
s

4 ebEA (T -y (X“)dé 6\ . @
T 1+v [(x+0)2 +(y-&/T

X=-C is set, and stress com expre ton the cover surface when corrosion-
induced expansive displacaﬁx is A ca talned
_4-(c? —y) -A.
(c? +

2. Contr@ heoretlcal Solution and FEM

In order erify t eoretlcal solution, this paper has made simulated analysis

on corrosion cases model using ABAQUS. FEM model uses 200mm x 400mm

concrete spec@ oncrete strength grade of C25, the elastic modulus of 28GPa,
S

ds

o, =0 =

Poisson's rati 2 and design value of the tensile strength ft =1.27MPa; single
central ra% aid on vertical symmetry axis in the model, steel diameter of ®16,
protecti yer thickness of 25mm, corrosion layer thickness of A=0.001mm; the
plan& unit CPE4 is adopted, and on the concrete surface in contact with the

pplying uniform radial displacement indicates the effect of reinforced
%rm corrosion-expansion on the surrounding concrete; constraint condition is
the fixed constraint (away from the end of rebar) at bottom of the specimen, and
circumferential stress in concrete cover is shown in Figure 2.
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Figure 2.
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Figure 3@%“55 Corrosion-Induced Expansive Stress of Concrete

ound the Corrosion Layer

From the dis @;1 law in Figure 3: The distribution of 68 and 1r6 in FEM and
theoretical soltition is basically consistent; the value of o8 is about 3Mpa, and the
is about OMpa; seen from computational results of FEM: the value of or
he protective layer is less than the value on the side in backward
the protective layer, and minimum point happens at 180 ° position, that

same direction of rebar, because the point has minimum thickness of
@ctive layer, it is bound by concrete to a minimum, while the results of the
theoretical solution show that: value of or is approximately -3Mpa, with little
change in the angle. Causes of error are that in the process of theoretical derivation,
when the action of surface force of ox and txy on the cover surface are considered,
without considering the elastic modulus of rebar and the corrosion layer, the semi-
infinite plate is taken as a homogeneous plain concrete for deduction of integral
term.
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Curve distribution in Figure 4 shows that:
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Considering that the destruction of concret th mage of brittle
fracture, this paper uses the maximum ten ress K of Rankine for
description. Figure 5 shows the correspondjmg critical rosion-induced expansive
displacement when concrete around co&layer s the maximum tensile
strength (c0=ft) . As can be seen fro igure e increase of thickness of
the protective layer, critical corros ive displacement is increased
constantly. Figure 6 is the co ing & m tension stress on the cover
surface when concrete around\c |0n layer reaches the maximum tensile strength.
By comparison between F@AS and F? , When concrete around rebar reaches
the maximum tensile str gth tress on the cover surface is lower than
the tensile strength of rete. T he corrosion-induced expansive cracks of
cover firstly appear subsurfagce, namely, the concrete in contact with corrosive
layer. Since there Ie c %the circumferential stress with angle, the angle

of crack ini t n% uncert

It has b nd in sj atlon analysis on uniform corrosion made by Ji Cheng
[9] using A QUS en corrosion-induced expansive cracks of subsurface
initiation is not p icular to the cover surface and cracks along rebars are
expanded from t er surface to the subsurface. In simulation of rebar corrosion-
expansion thr@echanical broaching, Wang Qiaoping [11] et al. have found that
when vertigal fractures and oblique cracks co-exist, the vertical cracks generally
start wi \%'outermost edge of the concrete and expand from the outside, while
obli cks expand along the inside of the hole from within. This paper argues

t%v the development of internal non-vertical cracks, it leads to uplift of the
@c Ive layer, and the maximum tensile stress is just in the same direction of
reddr, thus the tension stress on the cover surface is the cause for the cracks along
rebars. In addition, the thinner the protective layer is, the greater the tensile stress
on surface will be, and it is more likely to lead to development of crack along rebars
from outside to inside.
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and 8 are the calculated results when thickness of corrosion-induced
r equals to 0.002mm, and D is bar diameter. Figure 7 is a distribution
rrosion-induced expansive stress of concrete at the apex of the rebar

e cover internal changing with rebars diameter and the thickness of the
@ctive layer and gives the corrosion-induced expansive stress value by
calCulations of formula (2) when concrete is regarded as infinite plate without
regard to impact of protective layer thickness. The distribution law in curves of the
figure shows: With the increase of the thickness of the protective layer, the tensile
stress of concrete around rebar is gradually lowered and tends to be the calculation
result when concrete is regarded as infinite plate. When c¢/D=1, it is considered that
the error of the calculation results between the cover thickness and concrete
regarded as infinite plate is 5.3%, and when c¢/D=1.5, the error of both is about
2.56%.
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Figure 8 is a distribution diagram of corrosion-induced expansive stress of
longitudinal rebar points on cover surface changing with rebars diameter and the
thickness of the protective layer. Comparison of distribution law in figures 7 and 8
shows that: increasing the thickness of the protective layer and rebar diameter all
help reduce corrosion-induced expansive stress in concrete; under the same
corrosion conditions, rebar diameter has greater impact on corrosion-induced
expansive stress inside the concrete, and the way of increasing the rebar diameter is
superior to that of increasing the thickness of the protective layer, but in terms of
the surface of the protective layer, the protective layer thickness has greater impact
on the corrosion-induced expansive stress, and the way of increasing the thickness
of the protective layer is superior to that of increasing the rebar diameter. Given that
the corrosion-induced expansive cracks of concrete firstly expand from its
subsurface, and protective layer thickness ruled in concrete design specification
should be not less than the nominal diameter of rebar. Therefore, compared %Q the*®
increase in steel protective layer thickness, the increase in rebar dlamete e
conducive to improving the durability of the structure. The tensile stre
when the grade of concrete is improved, thus increasing the thicknésg of the

protective layer, improving the grade of concrete a r§ing
a%tg

help to improve the ability of resisting corrosion-cr

4. Comparative Analysis of Concrete In | Cra eshold

Currently, research of corrosion-cracki ften J‘o%s on cracking case on
surface of concrete cover, and becaus he brittl\ aracteristics of concrete
itself, once corrosion-induced exp crack ccur in rebar and concrete
interface, and namely corrosion{~s ed internal crack of concrete

occurs, which will develop i tm urface ncrete cover in a relatively short
period of time. Therefore, tos ine,tr%oncrete internal crack threshold under
the action of expansive fo of int s a very crucial issue in corrosion-
cracking process of ¢ ete stru@ﬂ. Table 1 shows the comparison of
internal crack thresh oncrete ¢ lated by theoretical solution in the relevant
literatures. As cagl %n frorm%table, the obtained results using the maximum
linear strain thee ) cbnservative, while when analysis is made using

are rela@
@L ation results of greater cover thickness and under
\

variety of assumptions are employed in the present
ilitate deduction and calculations, thus the obtained results
Imited to means of observation, there are rare experimental

are very conservati ‘

tial cracks inside, and further experimental study is required.

observations 0@
Table @e omparison of Critical Displacements Induced by Corrosion
Expansion under Inner Cracking of Concrete

Models Judgment criteria for ¢ ft D Amax

cracking mm  MPa mm um

ngyan . Maximum principal 2.64 16 0.805

[1o]  Infinite plate o dile stress 274 16 0.849

Jiang Hui . Maximum linear

[13] Infinite plate strain — — 16 0.8

. Semi-infinite  Maximum principal 2.64 16 0.86
This paper plate tensile stress 40 2.74 16 0.9

NOTE: c- protective layer thickness; ft- concrete tensile strength; D- bar
diameter; Amax- critical corrosion-induced expansive displacement.
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5. Conclusions

(1) Compared to the fact that corrosion-expansion model is simplified to single or
double walled cylinder subject to action of uniform internal pressure, the corrosion-
expansion model proposed in this paper has taken into account of geometric
boundary conditions of protective layer, protective layer thickness and relative
positions among rebars. By theoretical analysis, the relational expression between
corrosive layer thickness and corrosion-expansion stress, as well as the corrosion-
induced expansive stress formula of protective layer surface are obtained, so that
when the corrosive layer thickness is known, the appropriate corrosion-induced
expansive stress can be figured out, which is of great significance to analysis on
structural durability.

(2) The comparison in calculation results between theoretical solution and FEM
shows that: although some simplification of the theoretical formula has, been,
conducted in the derivation process, calculation results of both are basi
same with small error; corrosion-expansion cracks firstly occur inside t

ive

e

layer and namely firstly appear in the concrete in contact with the co ros layer;
development of internal corrosion-expansion crac ano cau of the
protective layer, and the cover surface has the um c on-induced
expansive stress in the same direction of reb S en5|on of the cover
surface is the reason for cracks along rebars, fecte rnal non-vertical
cracks, crack along rebars may extend from out 0 inside.

(3) Increasing the thickness of the prot Iayer. ging rebar diameter and
improving the grade of concrete aJI to |mpr the ability of resisting
corrosion-cracking of concrete struc |ve analysis on two factors of
rebar diameter and the thlcknes Iayer and by reference to
provisions of concrete design s atlon fo ing of protective layer thickness,

compared to increase in the x ess of protective layer, the enlargement of
rebar diameter is more con e to W the durability of the structures.
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