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Presentation Outline

@ Introduction

Northwestern
3/52 Introduction FraMCoS ZPB 2016 :: G Cusatis ENGINEERING



Example of Deterioration : Alkali

Dams Bridges Nuclear Power Plants
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Example of Deterioration : Alka

Dams Bridges Nuclear Power Plants

1 of 9 Bridges in US is STRUCTURALLY
DEFICIENT

Seabrook Nuclear ower: Plant; New.
Hampsh|re, USA, 1986

In 2009 Concre
Foundation Walls,
2 lost22% of'its
original Strength’
"Guess What ? i
A Didn't work !!!
o Replacemen( Started 2009

dueito ASR
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Alkali Silica Reaction (ASR) in a

@ Chemical Reaction (Very simplistic description)
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Concrete is a Multiscale Material

viI: VI: V: Mortar  IV: Concrete 1II: Plain 1II: Structural I: Full Structure Scale
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Concrete is a Multiscale Material
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Definition of Multiscale Moc

@ A specific engineering problem and

@ A fine-scale model of reference

A multiscale model is

an approximation of the fine-scale solution characterized by the max
accuracy for a given acceptable cost or the min cost for a given
required accuracy

@ Accuracy must evaluated against a Calibrated and Validated fine
scale model of reference to avoid “Garbage-down, Garbage-up”

@ Cost is application and resource dependent.
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Available Multiscale Methods

@ Information Passing - Discretized subscale material element is
embedded into a point of the macro-scale continuum (an integration
point of a finite element (e.g. Computational homogenization,
mathematical homogenization, microplane model, etc.)

@ Concurrent - A finite region of the macro-continuum coarse mesh is
overlapped or replaced by a fine mesh or discrete sub-structure
(meso-structure) model representing the subscale (e.g. Variational
multiscale method, bridging scale method, multigrid methods).

@ Coarse-graining Coarse and fine scale models are both discrete and
one particle of the coarse scale simulate the behavior of a certain
number of fine-scale particles.
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Multiscale Computational Fra

@ ASR gel formation
o Water imbibition

o ASR Gel
expansion

@ Length scale from
pm to mm

o Cracking

o Creep and
Shrinkage

@ Length scale of
mm to cm

@ Strength and
Stiffnness
Degradation

o Length scale of
cm to m
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Presentation Outline

© Alkali Silica Reaction (ASR) Model
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ASR Model :: Assumptions

Simplifying a very complex phenomenon

e The aggregate particles are assumed to have spherical shape.

e Silica is assumed to be smeared uniformly over the aggregate
volume.

@ The dissolution of silica is assumed to progress in a uniform
manner in the radial direction inward from the surface
towards the particle center.

e The expansion of ASR gel is mostly due to water imbibition.

e Continuous supply of water is needed for the swelling to
continue over time.
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ASR Model :: Gel Formation

Reaction front :

%= —as(h, T)we(h, ac)/[rwesz (1 — 2

G
S

50 9
s

—

1)
0 02 04 06 08 1
Relative Humidity
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ASR Model :: Gel Formation

Reaction front :

1)
0 02 04 06 08 1
Relative Humidity
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ASR Model :: Gel Formation

Reaction front :
2= —as(h, T)we(h,ac)/[rwcsz (1 — %)]

ASR Gel permeability :

0, = o[ FHE—F#) 41 s[1+(%§ )(1—h) ]

ASR Gel Mass :

My = kqg % (D3 8z3) cs%‘sf-

1)
0 02 04 06 08 1
Relative Humidity
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ASR Model :: Gel Formation

Reaction front :
2= —as(h, T)we(h,ac)/[rwcsz (1 — %)]

ASR Gel permeability :

Eag _Eag

o =elF )} [1 4 (5 - 1) @ -ny]

ASR Gel Mass :

My =kKo% (D3 — 8z3) cs%‘sf-

Effect of Alkali Content :

Fa = Inin(<ca - Cg> /(Ctll - 62)’ 1) % 02 04 06 08 1

Relative Humidity
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ASR Model :: Water Imbibition

Driving force (Thermodynamic Affinity) :

A; = K; exp(E‘“ E‘“)M — M; 28
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ASR Model :: Water Imbibitio

Driving force (Thermodynamic Affinity) :

A; = K; exp(E‘“ E‘“)M — M; 28

Imbibition Characteristic time : u

T — (52/6'Z
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ASR Model :: Water Imbibit

Driving force (Thermodynamic Affinity) :

2

Water Imbibition Coefficient :
Ci = Clexp(—nM;)(1 + (C}/C? — 1)(1 — h)s)~1

Water Imbibition Rate :
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ASR Model :: Water Imbibit

Driving force (Thermodynamic Affinity) :
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Water Imbibition Coefficient :
Ci = Clexp(—nM;)(1 + (C}/C? — 1)(1 — h)s)~1

Water Imbibition Rate :
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Presentation Outline

© The Lattice Discrete Particle Model (LDPM)
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LDPM :: Geometry and Kinemat

@ Geometry

54

VATGeEy

@ 3D cell @ Discrete compatibility

| | Q%iﬁz}]@/

Facet Strains

1 1
G = ;[[uc]]-ea; [uc] = - (UJ—I—G)J xc! —Ul - e ><c1>
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LDPM :: Constitutive Equa

@ Fracture and cohesion due to tension and tension-shear

o e =/eX +alel, +e3). t = /& + (tm + L)’/

o ty = (t/e)en; tm = alt/e)em: tr = a(t/e)er.

o apt = 0o(w) exp [~ Ho(w)(e — c0(w))/o0(w)];
@ Compaction and pore collapse from compression

o —0pc(ep,ev) <tn < 0; 0pe = 0co + (—€v — €c0)He(rDV);
@ Frictional Behavior

o tM = ET(E‘M — é‘]]?\/[) t'L = ET(é‘L — 5"]2);

o= /13 + 11 — obs(tn)
o 0ps = 05 + (o — Hoo)oNo[l — exp(tn/oN0)] — Mool N

Translational and rotational equilibrium equations of each particle

MIGT—VIBO =¥, Al MO =¥, A(c! x t!’ + m!’)
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LDPM :: Some Results

Tensile Fracture Unconfined Compression Biaxial Loading Triaxial Compression
— Experimental i 1000 O Experimental]
—Numerical —Numerical 0.4 Oﬁanmcnml —Numerical
") D=300 mni L o 800
4 = HE of Y
_ 5=1386 mm z = ool
z = ]
£ 5 £ a0 w 1=
< S S04 3
2 T LF “ 400y
200 [ L=50 mm 08
I 200
-1.2}
0 02 04 06 08 1 3 6 9 12 15 — —
u [mm] »Ii”X 1000 [-] 12 08 04 0 04
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ucc.mp4
Media File (video/mp4)


a Low friction
Meso-scale crack opening, w

0.1mm >4 mm

%;1 Eg=-10%» Eg=-10%o Eg3=-10%o

XS
b High friction
Meso-scale crack opening, w
0.1 mm >4 mm
X3

L Egy=-20% E33=-15%o E33=-10%0

FIgU €. Unconfined compressive behavior. a) Contours of meso-scale crack opening at failure for low friction
boundary conditions; b) Contours of meso-scale crack opening at failure for high friction boundary conditions
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confined Compression, Con

a 30 b 60,

o

Experimental Expcrimcnlal\ Experimental|
=Numerical 50! =—Numerical =—Numerical
2§ I f'\ _ 1 7
T — 40 / N\ ’_&JILJ Omm| = I /
2 2 g N, e
= > LF HF
5] = 300 1%
S o LF o
X 15 2l [
= " 20 = /
10 / \ . \
10) N 7
\ y [;:‘I L=100 mm|
0 0.25 0.5 0.75 1 G() 2 4 6 8 10 GO 2 4 6 8
s [mm] —E33><1000[—] —E33><1000[—]
d 120 80y 50
Experimenla]‘ ¢ Experimental Experimental
==Numerical ==Numerical ==Numerical
100 40|
o 60 /
sl S _ HF _ \ \
£ / HF £ £ 3
2 4 ~ =, N\ = / “\\HF
@ @ N & / LF N\
ol %:zL:zs m & \ w” 20
" a0 , N\ I LF 11050 I / )
LF 2 -50.m F&TT
2 \ U 10 |[=200 mm ~J
N—
q 4 8 12 16 20 Y3 6 9 12 15 Y1 2 3 1 s
-E;; 1000 [-] —E;; 1000 [-] —E;; 1000 [-]

FIgU Fe€: a) Low friction coefficient pu(s) = pg + (s — nq)so/(so + s), s = 0.03, pg = 0.0084, and
so = 0.0195 mm; b) Stress-strain curves for cubes; c) Lateral expansion for cubes; d) Stress-strain curves for very short
prisms; e) Stress-strain curves for short prisms; f) Stress-strain curves for long prisms.
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LDPM :: Even More Results

Over Reinforced Beam

7
6
Z5
=)
4
E
=3
S
£2 :
Experimental
! Simulated
00 4 8 12 16 20
Displacement [mm)] Deep Beam in Shear
300
250 1A
= 2
7
é 200 ”
=
E 150
=
[;5 100
501/ == —Expeni
perimental

0
0 1 2 3 4 5
Displacement [mm)]
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Amalgamation of ASR Model wit

21/52

Radius increase of each aggregate

1/3
. _ ( 3M; 3
particle r; = (Wﬁ +r ) —-r

Normal meso-scale eigenstrain
87\; e <(’I"i1 —|—T‘z'2)/2 — 5C>/€ and 6?\, =0
for(=0

ety=et=0—€"=[e} 0 0T
Incremental LDPM strain

A€e* = Ae — A€”

The Lattice Discrete Particle Model (LDPM) FraMCoS ZPB 2016 :: G Cusatis
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Amalgamation of ASR Mode

@ Radius increase of each aggregate

1/3
particle r; = (74375‘;[1' + r3> -7

@ Normal meso-scale eigenstrain
6(]1\] e <(’I"i1 —|—’I“z'2)/2 — 5C>/€ and 67\, =0
for( =0

0l =et=0—>e"=[e} 0 0T
@ Incremental LDPM strain

A€e" = Ae — Ae®

... the actual chemistry of gel formation.
@ ... multi ion transport.
@ ... gel expansion into pores and cracks.
@ ... non-uniform silica distribution within the aggregate.
@ ... local water diffusion through (a) pores, (b) cracks; and (c) gel.

Northwestern

21 /52 The Lattice Discrete Particle Model (LDPM) FraMCoS ZPB 2016 :: G Cusatis ENGINEERING



Presentation Outline

@ Numerical Simulations
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Model Calibration

Data by S. Multon and F. Toutlemonde, 2006. Cement and Concrete
Research, 36:912-920.

Simulated 1 : No Creep nor Shrinkage

0.12 Sealed
g 0.09 X
5 006 c
7 3
E 0.03 §
()
% o ISE.xpe{im(:,inial
> _ | = = — Simulate

003 Simulated 2

006 Simulated 3 J180mm

0 90 180 270 360 450
Time [days]
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Model Calibration

Data by S. Multon and F. Toutlemonde, 2006. Cement and Concrete
Research, 36:912-920.

Simulated 1 : No Creep nor Shrinkage

0.12
Sealed
5 0.09
= D
5 006 .
A €
o
g 0.03 g
Q
% o ISE ell’im(:,inial
> .| = = = Simu]ate:
003 Simutated 2
~0.06 Simulated 3 J180mm
70 90 180 270 36Q 450
Time [days]
Simulated 2 : Creep + Experimental Shrinkage
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Model Calibration

Data by S. Multon and F. Toutlemonde, 2006. Cement and Concrete
Research, 36:912-920.

Simulated 1 : No Creep nor Shrinkage Simulated 3 : Creep + Code Shrinkage
0.12
Sealed
X 0.09
= D
5 006 £
A €
o
g 0.03 g
Q
% o ISE ell’im(:,inial
> _ .| = = — Simu]ate
003 Simulated 2
006 Simulated 3 J180mm
70 90 180 270 36Q 450
Time [days]
Simulated 2 : Creep + Experimental Shrinkage
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Validation :: St

Vertical applied stress: 0.18
0,10,20 MPa Unrestrained
0 ompa _ _
£ 006 g )
E = E
g g - g
= s - =
b & b -
a z S%%%( g Unrestrained
Z 006 Z 00 £ 00 20 MPa
o2 _0.12] Unrestrained o
10 MPa
i -0.18 -0.18 -0.18
Unrestrained 0 90 180 270 360 450 0 90 180 270 360 450 0 90 180 270 360 450
Time [days] Time [days] Time [days]
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Validation :

0,10,20 MPa

Unrestrained

Vertical applied stress:

0,10,20 MPa

Confined by 3mm
steel rings

Axial Strain [%]

Axial Strain [%]

: Stress Effect - Axial

Vertical applied stress:

0.18
Unrestrained
012} ' Mpa _ B
0.06 = g
= =
g £
s - P-4
Z 3 -
z % z Unrestrained
-006 Z 006 % 006 30 MPs
o012 _0.12| Unrestrained o012
10 MPa
-0.18 -0.18
0 90 180 270 360 450 0 90 180 270 360 450 90 180 270 360 450
Time [days] Time [days] Time [days]
0.18
o1 3mm Restraint
12| 0 MPa _ _
006 g g
g g
g £
s P-4
Z 3
= =
-0.06 % 006 £ -006
< <
-0.12 ~0.12 3mm Restraint =0.1213mm Restraint
10 MPa
-0.18 —0.18 0.1 20 MPa
0 90 180 270 360 450 0 90 180 270 360 450 0 90 180 270 360 450
Time [days] Time [days] Time [days]
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Validation :

Vertical applied stress:
0,10,20 MPa

i

Unrestrained

Vertical applied stress:
0,10,20MPa

Confined by 3mm
steel rings

Vertical applied stress:

0,10,20 MPa

Confined by Smm
steel rings

Axial Strain [%] Axial Strain [%]

Axial Strain [%]

: Stress Effect - Axial

Northwestern

0.18
Unrestrained
012} ' Mpa : _ B
0.06 g g
g E
s - P-4
Z 3 -
z % z Unrestrained
Z 006 % 006 30 MPs
_0.12| Unrestrained o012
10 MPa
-0.18 -0.18
0 90 180 270 360 450 0 90 180 270 360 450 0 90 180 270 360 450
Time [days] Time [days] Time [days]
0.18
o1 3mm Restraint
12| 0 MPa _ _
006 : g g
= =
g E
s P-4
Z 3
; ~0.06 E ~0.06
—0.12{ 3mm Restraint ~0.12|3mm Restramt
ous 10 MPa _ 20 MPa
0 90 180 270 360 450 0 90 180 270 360 450 0 90 180 270 360 450
Time [days] Time [days] Time [days]
g g
= =
Z K
0 MPa @ @
-0.06 £ 006 Z -00s
-0.12 —0.12|5mm Restraint ~0.12Smm Restraint
0.18 o1y L MP2 0.5 22 MPa
“T0 90 180 270 360 450 0 90 180 270 360 450 0 90 180 270 360 450
Time [days] Time [days] Time [days]
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Animation of Damage Evolution

@ Free Expansion @ 20 MPa / Unrest. @ 00 MPa / Rest.
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Media File (video/avi)
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Media File (video/avi)
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Media File (video/avi)


Presentation Outline

@ Interpretation of Nonlinear Ultrasound Measurements
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Nonlinear Acoustic Nonlinea

Actuator

Receiver

1D nonlinear wave propagation

Velocity [mm/sec]

'
n ‘l 0
v \i v'
il 1‘ I‘ \
oy o,
Vg sty
LRTHINY J \
b
= = =V at Actuator
V at Reciever

’O 001 002 003 004

Time [Sec.]

A

312

K|

£

D08

B

::d

2 04

AE_.A o
o 1 2 3 _4 5 6
Freq. [x10° Hz]

Single harmonic plane wave

°:’J

0%u 02
=20 (1+ 8%

Aj cos(kX — wt)

Solution with perturbation analysis

u=—1Bk*AIX + A; cos(kX —wt) +

= Ag + Aj cos(kX — wt) + Az cos [2(kX — wt)] + ...

LBk2A2X cos [2(kX — wt)] + ...

Acoustic Nonlinearity Parameter (ANLP)

6= 1628%5 How does it relate to damage?
1
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ccelerated Mortar Bar Test wit

Expansion (%)

REEL

..,,.izuwmammq’ﬁ

Normalized amplitude

e
e 0 T T S S |
o 2z 4 s 8 1w 1z 1 %o 2 a4 s s 10 1z s
Exposure time (days) Exposure time (days)

sl
; ;
X pif

lsillﬁiéiiém'yq’q‘
4’x4”x10” b T e e e S e e e e

0
Exposure time (days) Exposure time (days)
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Alkali lon Macro Diffusion

Nonlinear Alkali ion diffusion model

4 =V - (Di(c;)Ve;) With Dy(c;) = D} [1 i (% . 1) <1 B _£L>n]-1

@ Modification of ASR-LDPM for Variable Alkali Content

Reaction Front : Total Mass of Gel per Aggregate :

05 - - — Experimental
— Simulated

Expansion %
o <
w R

e
>

e

0 0=
0 02 04 06 08 1 0 2 4 6 8 1012 14
Ka Time [Days]
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FraMCoS ZPB 2016 = G Cusats  ENGINEERING



Def_small.avi
Media File (video/avi)


Def_large.avi
Media File (video/avi)


Numerical Simulation of ANLP

B, ] 1 B,
hio 155 155 155 15 40 I o Lee o EXP
> Sim im
)
I Achuztor? Achutord ° 08] - — -Max.Cr. 6/ ° 08— — -IXIax.gr.
Adustor-1 Adutor3 E Ave. Cr. = vg. Cr.
- — 2 06 £ /. s 0.6] P
3 7 3 oy
I N 04 20 N 04 7
I 5 02 5 02 -
v z OO Z
Recsiver-1 Recelver3
I ecaverReoelvetZecaverReoewell 0F5B0 o
125 rmm
F -02 -02
1 Half of the Specimen 0 2 4 6 8 1012 14 0 2 4 6 8 10 12 14
c-L Time [Days] Time [Davs]
Expansion [mm)]
0.70
0.60
50.50
=040
—20.30
= 0.20
0.10
0.00
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small_crack.avi
Media File (video/avi)


large_crack.avi
Media File (video/avi)


arametric Analysis

Crack 120 50 a0 1 Z —5 -
Opening [pum] B S B >
150 5 RN — — —Avg.Cr.
508 Avg. Cr. ., 508 g.Cr 4
= ’ =
£ / s ’
206 ; 206 /
[ 5] /
2 Free Z lwompa / ¢
204 / 204 /
£ ’ =
= 153 /
3 / g ,
0.2 / 02 ’
7
g
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 1012 14
Free 10 MPa Time [Days] - Time [Days]
28 1 —p 1) | —25
3 Free _ _ _f Red . — = _f Red. i
27 — — =10 MPa 2 08 ,/ o 0.8 ’
2 s ; / s 2
2 067 Free / = 067 10 MPa /7
.25 E // E ’
204 , Eo4 /
24 £ £
z / z
/
23 . . X Q 0.2 , 0.2
- :
22 0 0=
0 2 4 6 8 10 12 14 0 2 4 6 8 1012 14 0 2 4 6 8 1012 14
Time [Days] Time [Days] Time [Days]
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Presentation Outline

@ Mathematical Homogenization
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Separation of Scales

@ Separation of scales

X=ny
O<np<<l1

@ X is the coarse scale
coordinate system

@ y is the fine scale
coordinate system

. RVE problem at each
macroscopic Gauss point

Northwestern
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Asymptotic Expansion

X,

,N><

\ \
~Fe==—=1-
\

|
|
s
=

@ b)

@ Asymptotic expansion of particle displacement
u(x,y) ~ u’(x,y) +nu'(x,y)
@ Asymptotic expansion of particle rotation
0(x,y) = n 'wi(x,y) + ¢ (x,y) + w'(x,y) + ne' (x,y)
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Several Pages of Mathematica

Length type variable
change x = ny

Facet strain ¢!/ and cur-

Taylor expansion of U’
N e
Y P vature x17 definition

and ©7 around !

Reordering terms

Asymptotic expansion of of different orders

displacement and rota-

tion fields Multiple scale definition
of facet strain and curva-
ture

€a =16 +eq + e

MXa =N hgt + 90 + vl
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Multiple Scale Equilibrium Equ

P Ar el Y Arel Y Arkel WL V400 =0
Fr Fr Fr

7¢7_2) RVE ggverning Egs.

. ~

N2y Algtel +aitel )+t Y Aled +ader’)
.7:1 -7:1

o(

~MJo* + Y Alphel! +arel’) +O(n) = 0
Fr

\/, Macroscopic governing Egs.
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Rigid Body Motion

@ Considering facet level elastic constitutive law along with | O(n=2)

— u° and w? are rigid body motion and rotation of the RVE
- uf(x,y) = v)(x) + Eijkykw?(x)
— revise facet strain and curvature definition e, = €2 + nel ; nxa = ¥ + il

. . . _ 0 O
Fine-scale displacement jump Yij = V5 — EijkWy

0 _ =—1 1J 1J=J 111 IJ
e =r <ul —uil +egpwi’ e — eijpw; Ck) + P (ij + €jmnkim¥y,)

0 _ =1(,1J 1
Vo =T (%‘ — > + Pjkij
———

N
. . . _ O
Fine-scale rotation jump Rij = Wj;
1J1J
P =mn;”e,; is the projection operator
Northwestern
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RVE Problem

e Terms of [ O(n1)

state RVE equilibrium equations

— Force equilibrium equation — Moment equilibrium equation

S, Athel! = 0

Z]_-I A xt%eld +mlel’y =0

1 m” o
%t mJl
J
¥, £
1
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Macroscopic Governing Equatio

@ Terms of

o)

state macroscopic equilibrium equations

— Macroscopic translational equation of motion

MI OI _772}_ 650 6 +Vlb0

Sum over all particles and divide by

the RVE volume and some
mathematical work

o _ _1 0 pa
0 = 3v; > Z}-I Arto Pf

pu = > ; MI/Vy mass density of the macroscopic continuum
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Macroscopic Governing Equatio

@ Terms of | O(n?)

state macroscopic equilibrium equations

— Macroscopic rotational equation of motion

I (s 10 0 T
MleijnX] (B9 + Ekmnn 100 xh) + T MY =

ow/’ om[’
772]_-1 A (Tg;; G}X + T;:/)l ¢é) + VIEiij]Ib,%

Sum over all particles and divide by

the RVE volume and some
mathematical work

1 Y,
poij(n 1“?) = Eijk(fgj + aHTJj ; :U‘(i)j = ﬁ 1 Z]—‘, Ar(mQ P + 1), %)

atij

=3, [M(,I(sim + Misijkekmn:c](xi] /Vo : the inertia tensor of the unit cell

a _ IJ,. . Cc_1J
ij — T EikiT €41

: projection tensor
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ASR and Homogenization :: Models

(Left) Two-scale homogenization problem. (Right) Full mesoscale
prism model.
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ASR and Homogenization :: B

03 : :
O Experiments
|| - = - Full Fine—Scale| C,=5:25
025 88 966 8_8
S O e oo -
= 02f '8:8"' N 42
g [P - S
& --"39
% . 00
2015 Q,'Oooooooo
2 E"oo 0000
ER, j10 OOQ»O.O- —————
> @ .0 2.89
0.05} é;ozéo —————— 5600
O 056000 O o
0 200 400 600
Time[Days]

Volumetric expansion of concrete prism for different alkali contents by
experiment and full fine-scale analysis.
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ASR and Homogenization :: Effec

35 mm RVE 50 mm RVE 75 mm RVE
03 . 03 < 03 .
C,[kg/m’] C,[kg/m] Clkg/m’]
oasf| 2 oasl| 2% oasf| 2%
—_ 3.15 — 3.15 — 3.15
= 02 39 = 02 39 e =" 02 39
g ——42 E —42 g —42
Soust|——s25 ) Tous|| ——525 S ousf——>s25
= =
£ g g
,_.E 0.1 é 0.1 E 0.1
S s s
0.05 /f 0.05 /=—__ 0.05 /—"
0 0 0
0 200 400 600 0 200 400 600 0 200 400 600
Time[Days] Time[Days] Time[Days]

Volumetric expansion using RVE size of (left) 35 mm (center) 50 mm,
and (righ) 75 mm.
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ASR and Homogenization

35 mm RVE 50 mm RVE 75 mm RVE
03 03
025 - Full Fine—Scale =55 0asil7 -Full Fine—Scale c
S S S
= = = 02
% a a
% Vé E 0.15
o 153 Q
H E E
S S S
> > >
0.05
‘ 0
0 200 400 600 0 200 400 600 0 200 400 600
Time[Days] Time[Days] Time[Days]

Comparison of the homogenization results using different RVE sizes
with the full fine-scale ones.
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ASR and Homogenization :: Mat

3 - 3 - 3
a C,=2.89 kg/m C,=3.15kg/m C,=3.90 kg/mr
@ gy ®) © © 4 G
——Full-LDPM
= = = ——35mmRVE
& I [ ——50 mm RVE
S35 =35 235 ——75 mm RVE
< £ <
2 2 2
2 g g
@ 30 @ 30 @ 30
o o o
2 Z 2
2 — Full-LDPM 2 —Full-LDPM 2
2 2 & T
EZS ——35mm RVE 525 ——35 mm RVE 5-25 T
S —50mmRVE || 8 —5S0mmRVE || § ] ;.
——75 mm RVE ——75 mm RVE
20 20 20
0 122 243 365 488 610 730 0 122 243 365 488 610 730 0 122 243 365 488 610 730
Time[Days] Time[Days] Time[Days]

Comparison of the compressive strength obtained by the full fine-scale
simulation and the homogenization framework.
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ASR and Homogenization :: Crack Pé

Crack opening contour of the concrete prism and RVEs of different
sizes under (a) free expansion due to ASR effect with C, = 3.9 kg/m?
and (b) uniaxial compression after ASR expansion.
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ASR and Homogenization :: €

250

Il Full fine—scale
Il Homogenization

200

150

100

Computational time [mins]

50

LDPM 75mm 50mm 35mm
Computataional framework

Computational cost in full fine-scale analysis and homogenization
framework with different RVE sizes.
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ASR and Homogenization :: Wha

Full scale dam analysis ...
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The MARS Solver

MARS (Modeling and Analysis of the
Response of Structures) is a
multipurpose object-oriented
computational software for simulating the
mechanical response of structural
systems subjected to short duration
events.

It is based on dynamic explicit
algorithms and it implements all the
capabilities and versatility of a general

finite element code. %ﬁ - @ -

http://mars.es3inc.com/
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Presentation Outline

@ Conclusions
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Conclusions

@ Alkali Silica Reaction is a complex multiscale-multiphysics
phenomenon affecting the deterioration of concrete structures
worldwide.

@ Predictive computational models are needed to evaluate existing
deteriorated structures.

@ A multi scale framework was proposed to simulate ASR
deterioration within the LDPM framework.

@ LDPM can be extended effectively to account for various aging
and deterioration phenomena.

@ Classical mathematical homogenezation can be used to upscale
LDPM response for durability related structural analysis.

o All LDPM-based algorithms are currently implemented in the
commercially available MARS software — www.mars.es3inc.com
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