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Why Concrete?

Most used construction material in the world

/% of anthropogenic CO2 emissions (mainly from
cement production)

Use of concrete predicted to double in the middle of
century

230 billion cubic metres of new construction by
2060 (City of size of Paris every week)

Dean et al. (2016)



What can we do?

Models for predicting response of concrete
New materials with improved performance
Techniques for retrofitting and repairing structures

Improving understanding of concrete behaviour
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Corrosion induced cracking

Main references:

|. Aldellaa, P. Havlasek, M. Jirasek, P. Grassl.
Engineering Fracture Mechanics, April 2022, Volume

264, 108310.
|. Aldellaa and P. Grassl, 2023, In preparation.



Background

corrosion products
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Corrosion rate:  Teor /T X Teor



Background

deterioration

4 : collapse  Main causes:

initiation propagation

Carbonation
Ingress of chloride irons

 spalling

Often icor < 10 pA/cm?

surface cracks _
> Cracking after years!

exposure time

Ref: Tuutti (1982) 8
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Background

Accelerated process in
the lab:

fcor > 100 A /cm?
Cracking after days!

How to link lab results
to field applications?

Ref: Aldellaa and Grassl (2023)



Aim
Understand long-term effects involved in corrosion

iInduced cracking.

Provide suggestions how to incorporate these effects
In predictive modelling approaches.

Methodology

Use thick-walled cylinder models supported by lattice
analyses and experiments.
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Faraday’'s laws of electrolysis

M
npkF

ZCOI‘

Teor _ 0.032.,

(um/day]

(A /cm?]

M = 55.9 g/mol
n =2
p="T7.85g/cm°

F = 96485 C/mol
1C=1Axs
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Thick-walled cylinder model
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Thick-walled cylinder idealisation

Thick-walled
cylinder
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Thick-walled cylinder

concrete
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Thick-walled cylinder mechanics

AY
Equilibrium
doy
d(; r+o,—o09g =0
Compatibility
d
Er = = and £p = -
dr r




Version 1: Elastic thick-walled cylinder +
plastic limit for pressure
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Elastic thick-walled cylinder

Y

Constitutive model (
Er | i 1 —V Oy \ 9
eg|  E \—v 1 X W

ODE of radial displacement Boundary conditions
d?v  1du w

|
-
dr? rdr r?

— 0 or = —PFP at r =
or =0 at r = rg
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Elastic thick-walled cylinder mechanics

P (fr2 + rg) ri2

u(r):E (rg—r?)r i
2 2\ .. '
ui:P(Ti_|_TO)T1 P
E r2—yr?

O 1 m
Lo :ft
with w; = u(r;) t

Plastic limit: Pt = f,
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Combine solution for radial displacement with
plastic limit

2 CTit — ft To — T O — Tg — 1
1 EC (L=v)rf+ (A +v)r3)m
Link to corrosion penetration
perit Ufrit . Jt To — Ti
“r (a—1) (a—=1)EC 1
and time
Agcrit — Ufrit Jt To — Ti

0.0315 (0 — 1) icor  0.0315 (0 — 1) ieor EC 75
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Pr/(fo (rg -1i))

Elastic cylinder with plastic limit

1 /
elastic / ri = 8 mm
: r, = 58 mm
05 + | - 1 F =30 GPa
| &/ v =0.2
 Toor = 6.25 pm
0 5 10 15 20 25



Version 2: Cracked cylinder
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Thick-wall cylinder mechanics

Cracked constitutive model
-5 D5 e
—— +< 5
€0 E \—Vv 1 ox" 89 cracked
Cohesive law
gg = f(eg,r) = frexp (——)

i

er = neGe/(fe2mr)




Set stresses in ODE

d2u+1du 1 +1(1 ) e

— 4+ — —u+-(1=-v)eF — v

dr?2  rdr r? r 0

Use 990 _ df(5.7) o solve for
dr dr

dr ~ A\drr 2" a2
with
A= —L(l—ﬁ)exp(
S

Ccr
deg
dr

cr
deg

dr

=0
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Nonlinear ODE

d*v  ldu A-v 1 A-v +1A(1—u) o _ g
2 rdrA—uv? 2 A2 ¢ A_p2 0T
Azl—i(l—ﬂ)exp(—g—e>
E&‘f Ef |
/ “&M@MSMF&W\Q}Q"QW%‘M

Solve with bvp4c
in MATLAB s

Boundary conditions
u(ri) = Ucor

Conn el by WiCrtonm WCoc

uncracked

or(re) =0
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Pr/(fo (rg -1i))

0.5

Cracked cylinder

r; = 8 mm

elastic ~_ Cracked o = 98 mm

i E = 30 GPa

: UV = 02

: fct = 3 MPa

- ne. = 4

Ty = 12.5 pm Gr = 150 N/m
0 10 15 20 25
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Version 3: Time dependent response
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Time dependent response

= G )0 1)

Modified AAEM
. 1 — Rt to) J (£, %0)
B’ (t,t) =
1:10) = =70 40) = 7 5, f0)

to start of loading

o 0.9¢t5 + 0.1¢ if to <1 <tg—+ IOAtS
071 tg + Aty if tg + 10At, < t

Ref: Bazant and Jirasek (2018) 27



R (t,ty) =

s [ s (g )]

At = 1 day
At = 0.01 days

J(t,t0)=+@Q(t to)/—l—ln (t — o) —|—©ln( )

\\?mw}ux loared Gu Q‘L) A
Maturity according to Model Code 2010

fe(t) = 2% exp ( [1 - \/K/tD

Ref: Bazant and Jirasek (2018) 28

C1 (to) = 0.08 + 0.01191n t()



f, MPa]

0

Effect of maturity on tensile strength

28 d) — v
Y to_?oooo d) e
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duration [days]
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v =0.2

fct = 3 MPa
fee = 30 MPa

c = 360 kg/m?
w = 180 kg/m?
a = 1860 kg/m?
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E" [GPa]

Effect of creep and maturity on effective modulus
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Scenarios for investigating effect of creep

Scenario 1 Young concrete to = 28 days
ol Accelerated corrosion icor = 100 p1A /cm?
(Scenario 2 Young concrete to = 28 days
Slow corrosion foor = 1 ptA/cm?
LS/c:enario 3 Old concrete to = 10000 days
Accelerated corrosion fcor = 100 pA /cm?
‘Scenario 4 Old concrete to = 10000 days

F ' teor = 1 A /cm?
I fradh Slow corrosion pA/ 2t



Pr/(fo (rg -1i))

Scenario 1: Young concrete + accelerated corrosion

0.5 ¢

elastic/ cracked creep 1
2ot = 15.5 1m)
Etcm = 4.9 days
5 10 15 20 25
Xeor [HM]

r; = 8 mm
ro = 08 mm

Egg — 30 GPa
v =20.2

fet = 3 MPa
fcc = 30 MPa
c = 360 kg/m?

w = 180 kg/m?
o = 1860 kg /m?

to = 28 days

feor = 100 A /cm?
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Pri/(fo (rg -1;)

0.5 ¢

Scenario 2: Young concrete + slow corrosion

elastic/ cracked creep 2 SR 2
peit =21 pm
tert = 656 days |
0 ) 10 15 20 25

Xcor [HM]

ri = 8 mm
ro = 98 mm

E28 = 30 GPa
v =20.2

fet = 3 MPa
fcc = 30 MPa

¢ = 360 kg/m?
w = 180 kg/m?3
a = 1860 kg/m?

to = 28 days
fcor = 1 A /cm?
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Pr/(fo (rg -1i))

Scenario 3: Old concrete + accelerated corrosion

0.5 ¢

creep 3

TN

elastic

creep 1

cor

|
cracked
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1t = 10.5 pm
terit = 3.3 days

creep 2

10 15
Xgor [HM]

20

25

ri = 8 mm
ro = D8 min

Eys = 30 GPa
v =0.2

fet = 3 MPa
fee = 30 MPa

¢ = 360 kg/m?
w = 180 kg/m?
a = 1860 kg/m?

to = 10000 days
icor = 100 pA /cm?
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Pri/(fo (rg -1;)

0.5 ¢

Scenario 3: Old concrete + slow corrosion

creep 3
/\creep4

elastic

facked Ngreep 1

crit

xCOI’

= 11 pum
it = 344 days

creep 2

20

25

ri = 8 mm
ro = D8 M

Eys = 30 GPa
v =0.2

fet = 3 MPa
fee = 30 MPa
¢ = 360 kg/m?
w = 180 kg/m?

a = 1860 kg/m?

to = 10000 days

bcor = 1 1A /cm?
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Lattice model and experiments
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L attice discretisation

Constrained _ |
random points  Tessellations Lattice element

Ref: Grassl and Bolander (2016), Yip et al. (2005), Schlangen and van Mier (1992), Kawai (1977) 37



L attice constitutive model
c=(1-w)De(e—€p)=(1—w)o

Ona
Jt

fe

Yield surface Stress-strain

I Ref: Grassl and Bolander (2016), Grassl (2009)
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Experiments - Geometry

Steel rebar
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Experlments Setup
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Crack patterns
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Conclusions

Inclusion of cracking significantly affects critical
corrosion penetration.

Creep has moderate effect on accelerated corrosion
for young concrete.

Very small effect of creep on slow corrosion for old
concrete.

Experiments indicate that cracking, creep and maturity
alone is not enough to predict corrosion induced

cracking. Transport of corrosion products required? g
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