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Introduction

* Concrete structures
— Damage mechanics
— Quasi-brittle behaviour
— Cracking representation
— Various loading conditions
— Load bearing capacity and post-peak behaviour
— Accurate representation through a simple isotropic model

Concrete cracking representation with different approaches

Final goal:

Develop concrete mechanics model in the Comsol interface that allows its coupling with other processes, such
as chemical degradation for durability assessment, or moisture and heat transport.
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Mazars’ damage model
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External material vs. built-in implementation
I N\

° External material model 2 i el Mt ety
2= Basic (def)

— Comsol post by Ed Gonzalez (2015) [1] ®c HH Ii:inreral stlr;ss-strain relation (comcomsolgeneralStressStrain)
e omponent 1 {comp

— Any constitutive model can be programmed A Ceometmt
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[ Phreeqc Results (irs)

[ Phreeqc Results 2 (irs2)

* Built-in implementation 4 5 Solid Mechanics (s v

Z‘Lmear Elastic Material 1 F %V” Interface to an isotropic elastic solid with continuum damage mechanics model: Mazars' damage model \
. 2 History Va riables Storage neFr.e.ej- 2 * Example code implements linear elastic behaviour with damage. */
o Initial Values 1 3
. . . . . @ Initial Values 2 4 %/” You are allowed to uss, modify, and publish this External Material File and vour modifications of it subj
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X X <] #include <math.h>
) Prescribed Displacerent 2 10 finclude <atdlib.hs
A\ Meshes 11 #include <string.h>
“of Study 1 12 #include <stdio.h>
i Study 2 13 #ifdef MSC_VER
4 ~db Study 3 32 #define EXPCRT _ declspec (dllexport)
[\% Step 1: Time Dependent :—5 f‘ﬂs?
4 [Tr. Solver Configurations _'f z:i;‘;;e EXEORT
* . 17 fer
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# Dependent Variables 1 20
4 E}Time-Dependent Solverl 21 EXPORT int eval(double e[6], // Input: Green-Lagrange strain tensor componencs in Ygigh order (Xx,¥¥,Z2
Of freedom Direct 22 double s[&], // Cutput: Second Pigla-Kinghheff stress components in ¥gigh order (.Y,
é)\dvanced 23 double D[&]1[€], // Output: Jacobian of stress with respect to strain, 6-by-6 matrix in row
;:'L; Time Parametric 1 24 int *nPar, // Input: Number of material model parameters, scalar,
.:. FuIIyCoupIedl 25 E-iﬂ.]ble *par, // Input: Parameters: par[0] = EO, par[l] = nud, ...
_— 26 int *nStates, // Input: Number of states, scalar
v 27 double #*states) { // States, nStates-vector
28
29 int i, 3
30 double EO0, nul, stch[3], kappal, At, Bt, Ac, Bc, kappa, epl[i], evol, lambLame, mulame, echem, ech[&]:

Segregated Ste p \ doukle sp[Z], st[Z], stsum, et[Z], eef2, eef, ets, ecs, alphat, alphac, damt, damc, mechanical damage, Cj
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Previous solution node 21
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External material vs. built-in implementation

* External material model
— Comsol post by Ed Gonzalez (2015) [1]
— Any constitutive model can be programmed

* Built-in implementation

— 2 History variables storage

* Domain Ordinary Differential Equations—L
* Specific solver configuration

2 additional degrees
of freedom
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ﬁ Variables

Expression Unit
max(etl *etl + et2*et?+ et3*et3, 1e-10)
sort(eef2)

(1.0+nul)/E0*stl-nul/E0*stsum
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1.0-kappa0*(1.0-Ac)/kappa_max-Ac*exp(-...
alphat*damt+alphac*damc
max{Mech_Dam, max{mechdam, 0]}
min(max(MechDambMax,0),0.999)

Description

[1] Gonzalez E, 2015. Accessing External Material Models for Structural Mechanics. COMSOL Blog December 2015.




External material vs built-in implementation

* External material model
— Comsol post by Ed Gonzalez (2015) [1]
— Any constitutive model can be programmed

~External material model |
— Built-in implementation ]

° Built-in implementation

— 2 History variables storage _
» Domain Ordinary Differential Equations PR .
e Lot ?
e e . . - "
* Specific solver configuration e
..-""'"....-. .o-""...t..

.....
.......
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o

Compressive Stress (MPa)

* Advantages
— Fully coupling with other constitutive models

0.006

—  Fully coupling with other physics Strain (1)
) . Results of the verification (uniaxial compression) test in terms of stress-strain curves using two
— Variables availability (pre/post-process) different damage model implementations.

— Easier adjustment or reformulation (compilation avoided)

* Drawback

— Increased model complexity (DOF’s and solvers)
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Regularization method — Gradient enhanced formulation

* Implicit gradient formulation [1 ; 2]:

— Implemented as a Helmholtz differential equation
_ 2v2 — _ ~
E—1[°Vee=¢§

* Three-point bending tests of notched and unnotche
concrete beams modelled with the regularized and

non-regularized models

Mechanical parameters and damage model parameters

e lLocal equivalent strain &
* Non-local equiv. strain €
e characteristic length | (m)

Parameters Notched | Unnotched

E, (GPa) 20
Vo 0.2
£ 1.2:10% 0.9-10*
8}‘ 0.007 0.003
A, 1.09
B, 1500

[ (mm) 0.6 1.0

[1] Peerlings R H J et al., 1996. Int. J. for Num. Meth. Engng., 39, 3391-3403.
[2] Simone A, 2007. Revue Européenne de Génie Civil, 11(7-8), 1023-1044.
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Results of the Comsol model for different mesh refinements (left) , results from [3]
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Results of the Comsol regularized damage model for different mesh refinements.
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[3] Jirdsek M, 2011. In Numerical Modeling of Concrete Cracking. Eds.: G Hofstetter, G Meschke, 1-49.
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Regularization method — Gradient enhanced formulation

Comparison with results presented in [1]

Damage variable evolution
Notched beam Unnotched beam
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Mechanical damage evolution in Comsol (left) and results from [1] (right).
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L damage model

011
450
* Improvements of the formulation —
presented in [1]: 400 ~
L O =100 MPa
— Two principal models:
L . 350
* Cracking in tensile state
¢ Crushing in compressive state 300
— Good representation of cyclic loading paths
— Behaviour under biaxial compression 250
— Behaviour under triaxial (EA) compression Os =50 MPa
02 200
al/fc R —5-5" o d
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o.? Os
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50 > &«
——Mu model {2015) » &
Os=0 MPa »
0 €
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16 o)) / f c Triaxial test modelled in [1] (blue) and Comsol results (red)

Biaxial loading tests from [2], model results for classical and u damage models
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Conclusions
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Application case — Glaciation 408
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Application case — Sulphate attack (HCM)

The concrete damage model presented: k
Completely built-in Comsol interface [[-1r2 i
i
(Darcy) model s 8
o \ v ¥ 118 _. v :ﬁ

Deyd,) Changes in transport properties due to mechanical effects
Mechanical © Solute transport
model model
des & \ / P, ¢
Chemical
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