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The paper presents the experimental verificationaoicrete cover splitting time theory
based on the multicomponent media approach and FENM. results of computer
analysis are compared with the experiment presentéite work of Youping Liu [15].
The solid model of the structure analyzed in theepd15] has been made. The problem
has been analyzed by using the program for théiefaastic analysis with distortions by
using FEM.
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1. INTRODUCTION

The pollution of the environment influences thenfeiced concrete structures
durability in a significant way. The aggressive stainces such as all types of
acid anhydride, chloride and ammonium ions evokgosmn of steel and
concrete. This subject area, in terms of high remadl damage costs, meets with
wide interest of scientists of different types ablwledge. The problem of metal
corrosion is the subject matter of various typesadentific works [23, 27, 31].
In terms of reinforced concrete elements the ditetsfer of metal corrosion
results is not possible [32]. This results fromeaudiarity of concrete structures,
steel concrete connections and processes occuriing this highly
inhomogeneous capillary porous media. The chainattefeature of concrete
pores is open porosity [21]. The system of poresyugh which a transport of
aggressive substance, liquids, gases in and otbrafrete, is possible. In well
designed reinforced concrete structures, havingctver of correct thickness,
rebar corrosion should not appear for dozens afsy@de time of safe structure
using is associated with the designed cover th&&n&he cover should
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guarantee that the corrosion processes will ndbbed in the structure before
the calculated durability time. The durability tinge usually defined as a two
stage process [26]. In the description of two stageess the following phases
can be pointed out: initiation and structure degtiath. A better method of
structures durability description is the three stagocess - the approach that
can be found in the following papers [4, 21, 22, 24], fig. 1. The first stage
describes the aggressive substance transport [6338which is finished by
initiation of corrosion process. The second stagié mechanical degradation
process of concrete cover as the result of comopi@ducts creation on the
rebar surface. The third stage is initiated in thement of concrete cover
fracturing. In this stage the rate of structure rddgtion is relatively rapid
because of the non limited oxygen supply to the cel
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Fig. 1. Three stage model of reinforced concretenehts degradation
as the result of rebar’s corrosion

In the three stage model the very important prokikedetermination of the time
T Tactiv * Taegraa fOllowed by the fracture of concrete cover. ThediT,

crack — activ

is the time of concrete pores filling by the coromsproducts, andl,e.4 the

time from the moment of concrete pores filling tver cracking.

In this paper the comparison of computational tesaf the concrete cover
fracturing time T, Wwith the experimental results has been made. The
computer calculations presented in [9], were cdmigth the aid of FEM based
on the multicomponent media theory.
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2. BACKGROUND OF CALCULATION METHOD

The concrete cover cracking tinfg,., can be determined by using the method

presented in paper [9]. The model showed in thegeens assumes that the
degradation of the cover as the result of rebasisosion can be described by
using theory of multicomponent media [3, 5, 11, 2@, 32]. Assuming the four
component model the mass balance equations: skelet®, aggressive
substanceo=1, substratesu=2 and corrosion producta=3 will have the
following form

* Mass balance of the skeleton

d(o)_
pa(c )—0, (2.2)

* Mass balance of the aggressive substance
p%(cl)+ div(j!)=0, (2.2)

* Mass balance of corrosion products and substrates

p%(cz) =&2(1e), p%(c?’): (1) &2(1e)=-c2(1°) 1°= il (f)ar  (2.3)

where p is the density of the media? is the concentration of the skeleton,
ctis the aggressive substance concentratjbris the mass flux of aggressive
substance,c?® is the concentration of substrates, is the concentration of
corrosion products,c? is mass source productivity of substrates2 and
corrosion productsi=3, 1° =1°(l ) is the function of corrosion current intensity

I . Using the mass balance equation and average ntomgerenergy and
entropy balance equation of the multicomponent mdél] and assuming the
free Helmholtz [17, 20, 29, 30, 32] energy in theni

w=yp(@ & c(1e) c(1°) e, o, T)=y(&, & &, a,15T), (2.4)

where £° is tensor of elastic straing, internal plastic parametel, common
temperature for all of the components the resithedjuality will have the form

(—p%+cj:ée+(—pg—f—ijT+(—pg—?+PM1JC1+DZO’ (2.5)

D:c:ep—x"-a—x'jE—jlcgrao(Ml)—‘“%“(T)zo. (2.6)
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where ¢P is plastic strain tensor. Assuming the isotherroahdition the
constitutive relationships for elastic — plastic tem@l with mechanical
distortions and transport of the aggressive substf®] will have the form

2
s=p Y e =g - i) 2.7)
£e
0
oMt = pa—z/l = le(cl). (2.8)

where C®° is material elastic tensog, corrosion expansion tensor. Introducing
[12, 18] the thermodynamical potential function

0=0,(0,x*)+0,(x!)+6,(gradm?), (2.9)

the evolution equations of internal parameters thHill the inequality (2.6)

will have the form
. VJ_)G@m 6, X (2.10)

fox)

_ 30,6, X

_re-90.(x) (2.12)
ox’

. _ 00,|gradMm*
_leia(jg—q)' (2.13)
gradM

Using aggressive substance mass balance equat®)y d2eraged momentum
balance equation and performing linearization dasth relationships [9] the
linearized weak form of balance equations thatmasolved by using FEM will

be obtained. Introducing the approximation of dispiment and concentration
field

c=c"(x)=N(xJe, u=u"(x)=N(x)u (2.14)

where N(x) is matrix of the shape functions; and U are vectors of

concentration and displacement respectively we ‘dlve the following
formulas:
The equation describing the transport of aggressibstances in concrete

1 1

E(E“+1 ~K ) By =R +EE“ 5., (2.15)
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_T QE—
_=jNTNdB, K:j%—')\(' &D%da ﬁszT 0j @B, (2.16)
h Bh

where | is the mass flux on the boundaky, — diffusion tensor.

* The equation describing the mechanical degradafidine cover as the
result of mechanical distortions caused by cormgi@ducts creation

k+1 t _ itk K+l _ o fik+1 k+1
K n+1dAun+1 Qn+1CIA I en+1 I:neJi(l F" n+1’ dAl1® (tn+l )dAt

n+1 n+l?

K= [BT o Bd, Qh,= BT 5, (247)
h »
R =[BT pb,.dB + [BT (P,.dB, F™  =[B'}.d8  (218)
B" B" "
=epl¥ _aak _ Js | —k+1 _ 1k k+1 0 _t=
n+l_En+1_ Fn X Uy =u’ +dAUL;, Upy =U,. (2.19)

where B is matrix of differential operators.

3. CORROSION EXPANSION COEFFICIENT

The numerical analysis of the problem requires amfation of material
corrosion expansion tensgr This parameter can be determined on the basis of
analytical considerations [9, 10] by using the tietsships between the amount
of corrosion products and the amount of ferrous ibansferred into the pore
solution. The rate of ferrous ions transfer inte gore solution can be described
by using the Faraday’s law

=kl =kl® (3.1)

FeZ+

where m__. is the mass of ferrous ions transferred into theesolution, k

electrochemical equivalent of iron. It will be asmd that the ratio of mass and
ferrous ions density transferred into the pore tsmuto mass and density of the
corrosion products is constant. Assuming that themical composition of
corrosion products is a function of Fe(Qldhd Fe(OH)[1, 14, 15, 19] we will
obtain

m, = : , Oron,) = 0523, Apyon), =0.622, (3.2)
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,0 e2+
Pr = Fy » Veelony) = 209, Vee(on), = 224- (3.3)

Effective in the mechanical sense corrosion praguotumeVy; , causing the
corrosion distortion can be defined [2, 16] in thiam

VR,eff :VR _VFE% (3.4)

where V, is the corrosion products volum¥, .. the volume of ferrous ions

transferred into the pore solution. After takingoirconsideration equations
(3.1), (3.2), (3.3), (3.4) the following equatiorilvee obtained

; t

Veet = e (a‘ly—l), M. =kI¢ I° =j|(t)dt, i =108, [, (3.5)
Fe* 0

wherei,, is the corrosion current densit®, is the length of arc with active

corrosion processed,. is the length of reinforcement with active corousi

process, A, =L, [S, is the surface area of the rebar with active o

process. It is usually assumed tigt=7[D where D is the rebar diameter.

Using the equation (3.5) the tensor of distorticstedin can be presented [9] in
the form

. vV -1,
xie 1 =1 ;/e“ :1“&7 4 1), 1=ge0e,V, =S L., (3.6)
0 0Ppe2+

&9 =

where S; is the cross section area of the active partasfsition region surface

[9, 10]. The initiation time of process of the coste cover mechanical
degradation from the moment of electrochemical agian activation to entire
filling of pores free space can be determined ftbenequation [14, 15]

C = 77DprRLC
activ — T

, | =const (3.7)

wherew,, is the width of the assumed porous zone aroundethe.

4. COMPUTATIONAL EXAMPLE

The results of computer analysis were verified byng the Liu Youping15]
experiment. In this experiment among others thetdiritng time of concrete
cover in the model of bridge plate, fig. 1 has baralyzed. The concrete plate
models with the chloride content 7.20 kd/mover thickness 25 mm (1 in) and
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0.0, 0.36, 0.71, 1.42, 2.85, 5.69 kd/amd concrete cover thickness 51 i 76 mm
(2 and 3 inch) have been considered. Concrete ¢bigkness, measured after
the cracking was respectively 27, 47 and 70 mm. rEvar's diameter in the
model that was the basis to verification of compuienulation was 0.625 in
(16 mm.

590
1180

Fiber glass reinforcement

4 (913), (0.5 in=12.7 mm) + 8 mm
— 1+
1180
590, 203 203 184
16
s
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Fig. 2. The examined in Liu Youping experiment [t&hforced concrete plate model

The top layer of reinforcement had 5 electricaligulated steel rebars in the
longitudinal direction and three fiber glass #4 .fl2nm) in the transverse
direction. The bottom layer had three fiber glagsar’s in both of directions.
The reinforcement distribution in the analyzed @lhas been presented on the
fig. 2. The numerical verification has been exegdute the simplified way by
using the computer program for the analysis oftiglasplastic structures with
mechanical distortions. The materials parametedsbaundary conditions ware
applied similarly to the assumptions of the modeftkiwout in the paper [9]. The
solid FEM model of the concrete deck plate has baade. The analysis has
been made on 1/4 part of plate. The FEM model efgfoblem with shown
rebar’s is presented on the fig. 3 (the model veiited with respect to drawing
shown on the fig. 2).
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Fig. 3. FEM model of the concrete plate with shaelpar's and transition layer

The computer calculation have been made for thengiv the paper [13, 14, 15]
material parameters: the concrete compressivegitrdyy, = 31.5 [MPa] = 4500
[psi], tensile strength.§=3.3 [MPa] = 4500 [psi], Young's modulus/27
[GPa] = 3900000 [psi], creep coefficieqt, = 2, Poisson coefficient=0.18,
corrosion products density=3600 [kg/m] = 225 [Ib/ff], assumed effective
width of porous zone w12 [um]. The required by the computer program
parameters angle of internal friction and cohesooefficient have been
calculated on the basis of concrete strength isid@nand compressio®=
59.886 [° ], c= 4.237-fO0[N/m?, [7]. The Young's modulus used in the
calculations was assumed in the form EfEo,,), [8]. The calculated values of
the corrosion expansion coefficient are presemethé table 1. The concrete
cover cracking time results are presented in thiesa2, 3, 4 respectively.

Table 1. The value of corrosion expansion coeffic{8.6) for the different values aof
parameter depending on chemical composition ofostwn products: Fe(OHR)average
value ofa parameter and Fe(OHjaverage value is calculated for Fe(@Qkind
Fe(OH))

Fe(OH), 0=0.622 | Qaaagz0.5725 | Fe(OH) a=0.523

X [1/(nA-year)] 343-10° 385-10° 434.1C
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Table 2. The time of concrete cover fracturingc[month], for the concrete cover
thickness 25 and 27 mm, rebar diameter 16 mm, siomcelectric current density
icor=3.767368646 [A/cm?] and corrosion electric current intensity 1=75.244uA]

Cover thickness
number of ative

element

Weyers R. [14,15])
Terack o = 0.622

Model LW (Liu Y.,

Model LW (Liu Y.,
Weyers R. [14,15,
Terack o = 0.523

Activation time
Tactiv [14]

Terack 0 = 0.622

FEM mode,

Terack & = 0.5725

FEM mode,

FEM model,
=0.523

Terack O

Experinment result

[1411 Tcrack

27 mm/ 4 active
elements

©

=
al

&
\l
a

(&)

o
o

©
o

25 mm/4 active
elements

=
o

4.50

4.75

o
o

o
&)

27 mm/16 active
elements

15

5.25

5.75

6.25

8.5

25 mm/16 active
elements

1.5

5.00

5.50

6.0

8.5

Table 3. The time of concrete cover fracturingc[month], for the concrete cover
thickness 47 and 51 mm, rebar diameter 16 mm, siomcelectric current density,j =
2.346532471)JA/lcm?] and corrosion electric current intensity 1=47.839uA]

Cover thickness
number of active

element

0.622

Model LW (Liu Y.,
Weyers R. [14,15])

Terack @

0.523

Model LW (Liu Y.,
Weyers R. [14,15])

T erack

Activation time
Tactiv [14]

FEM model,
=0.622

T rack

FEM model
=0.5725

Terack

Terack o = 0.523

FEM model,

Experiment resu

[14]a Tcrack

47 mm/4 active
elements

n
&)

15.00

16.50

=
o
(@1l

N
N

51 mm/4 active
elements

o
o

19.00

21.00

N
w
o

22

47 mm/16 active
elements

2.5

14.00

15.50

17.0

22

51 mm/16 active
elements

25

15.50

17.00

185

22
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Table 4. The time of concrete cover fracturinggd[month], for the concrete cover
thickness 70 and 71 mm, rebar diameter 16 mm, siomcelectric current density
icor=1.79757304JA/cm?], and corrosion electric current intensity = IB2B5uA]

§ é >- EN >: §<~0 o~ & ™ ]
- - D)

ge 339|338 | |_S|_K|_.3|¢
©'s ) e - 0 o Lo Qo [
‘-C_,Bg %0:” %D:” g'q_' -8” -8” -8|| gé
= “ 83 | 223 | B | E3| E=| Es| £
S E I OO o [T S 2 2 2 o .
259 B3 ¢8| 8 e |8 & 28| 28|2¢8| a7
Oco o2 § O9 5§ | 0 | w S| wsS|lwsS| xS

_ S [ S22 |l Q- e el | i
70 mm/4 active |45 540 | 35| 4450 5050 565 42/5
elements
76 mm/
4 active | mmeem | mmeee- 3.5 56.50| 62.5Q 69.5 425
elements
70 mm/16 active 45 540 | 35| 2050 3250 365 425
elements
76 mm16 active | 35 | 3350 3650 405 425
elements

In figure 4 the distribution of the results desgrgp the dependence time to
cover cracking versus the thickness of cover crackias been shown. In figures
5, 6 the graphical view of the distribution of glasequivalent strain in the

concrete plate (51 mm thickness and 4 and 16 aeteraents respectively) and
cross section 1-1 in the moment of cracking has lseewn.

5 80 . . . . # 4 active elements,
SN R A A A R T
@ 70 [ T T T i
R S e it A S R S A LJ*: ey e
bt o=Vu.
2 60 |1 T T T .
£ o [ o 1 é_ & A 4 active elements,
3 R T R T T =0.622
E 50 1 1 1 1 1 1 1 1 1 1 T 1 ¢ X =
8 o b eca bt oa_ Lo L_g4 _i__| X216 active elements,
8 4o [T E T 023
3 Caa N Co L e x| x ive el
o T e e o B S B RE ot ¢ 16 active elements,
Q 30 1 1 1 1 1 1 1 1 1 1 a:0.573
(0] i i 1 1 1 1 i i 1 RO
5 b oo ca e cao o] asaolooioaoao | @16 active elements,
c P I ol W L —
S 20 [ [ 0 ; 0 [ 0=0.622
O "':“"r“:'““':“:'“:"'“1"!' -4--1--r-1--1--| @Experimental result
10 f—r—t— ot — —
1 1 1 1 1 1 1 1 | 1 1 .
oo oot fenbe e de et Weyers model,
0 I — M I 0=0.622
0 20 40 60 80 - Liu - Weyers model,
Concrete cover thickness[ mm ] 0=0.523

Fig. 4. Concrete cover thickness versus time t@iaa cover cracking ke
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ELEMENT SOLUTION

STEP=42

SUB =1
TIME=1.708
NLEPEQ (NOAVG)
RSYS=0

DMX =.235E-03
SMX =.033803

Fig. 5. The equivalent plastic strain distributiarthe deck plate (concrete cover 51 mm
and 4 active finite elements) in the moment of ceteccover cracking

ELEMENT SOLUTION

STEP=33

sUB =1
TIME=1.333
NLEPEQ (NOAVG)
RSYS-0

DMX =.5390E-04
SMX =.001154

Fig. 6. The equivalent plastic strain distributiarthe deck plate (concrete cover 51 mm
and 16 active finite elements) in the moment ofccete cover cracking

5. SUMMARY AND FINAL PROPOSAL

Evaluating the obtained results of computer cataa we can find out that the
times of concrete cover damage obtained in the atan@nalysis coincide with

the experimental results. Specification is requii@mdthe determination of time

of the pores filling by the corrosion product. Tpeposition (eqn. 3.7) taken

from [15] is inconsistent with the concept of thegented model and requires
further investigation.

ADDITIONAL INFORMATION

The paper has been prepared according to the iguamter: POIG.01.01.02-10-
106/09-00 Innovative Economy Program.
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MODELOWANIE MES KOROZJI ZBROJENIA — WERYFIKACJA
NUMERYCZNA BADAN DOSWIADCZALNYCH

Streszczenie

W pracy przedstawiono zastosowanie modelu haego na teorii @odkoéw
wielosktadnikowych i MES do wyznaczania czasu ogkspia otuliny betonowej. Wyniki
analiz komputerowych poréwnano z wynikami ekspenyta@ymi otrzymanymi w pracy
[15]. Dla potrzeb analizy komputerowej wykonano mlogrzestrzenny konstrukciji.
Zagadnienie analizowano programem do obliczaniastkokcji w zakresie spgysto
plastycznym z dystorsjami mechanicznymi. Algorytainaplementowany w programie
byt modyfikowany stosownie do zaen teoretycznych modelu degradaciji otuliny [9].
Jako wynik analizy otrzymano czagkpnia otuliny Trace Tacivt Taegrad 99Zi€ Tegragj€St
czasem degradacji otrzymanym w wyniku analizy kotemwej natomiast czas
aktywacji T, jest czasem wypetniania poréw. Analigkomputerow przeprowadzono
dla otulin grubéci: 25, 51, 76 mm (1,2 3 [in] — projektowane grétiocotulin) oraz dla
27, 47,70 mm (1.07,1.84,2.74 [in] — rzeczywistenmrzone grubgci otulin). W wyniku
przeprowadzonych oblicze stwierdzono dolar korelacg wynikéw teoretycznych z
wynikami eksperymentalnymi.





