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Deliverable abstract 
 

The scope of the deliverable is to report the multi-scale and multi-physical numerical models used 
in the project to simulate different deterioration phenomena in CH materials. This aspect is 
fundamental for the identification of CH materials behaviour within surrounding environmental 
conditions of museum and historical buildings.  

A detailed description of the used multi-scale material models is provided in the document with 
the contribution of each participant to Task 3.1 USTUTT (MPA, IWB), CETMA and USTUTT (ITT). 
Special attention is paid to the cooperation between the three groups within the task activities. 

Some preliminary results for the generation and analysis of meso-scale numerical models based 
on the data obtained from the 3D computer tomography (USTUTT-IPVS) are also presented and 
discussed. The three MODA Sheets with all MOdeling DAta used in the simulations are reported 
in annex. The description of each MODA includes: user case, model, solver and post-processor. 
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1. Introduction 

The objective of the deliverable is to provide a comprehensive description of the multi-scale and 
multi-physical approach employed in the project to analyse deterioration phenomena in Cultural 
Heritage (CH) materials. The need for advanced multi-scale and multi-physical models is related to 
the highly complex structure of such materials, characterized by heterogeneous compositions and 
unmonitored long-term modifications. Deterioration and degradation are in general phenomena on 
a microscopic scale, which are due to a coupling of physical or chemical parameters with mechanical 
properties of the material in focus.  

With these premises, a defined list of significant CH materials (wood, painted wood, metal, stone 
etc..) will be numerically analysed at the meso-scale [1, 2] by USTUTT (MPA, IWB) to study the main 
degradation phenomena induced by different combinations of environmental and mechanical loading 
conditions. The term "meso-scale model" is here used to define a continuum model applied to an 
application domain of mm length-scale. A reliable meso-scale model should be able to capture the 
main mechanical damage and transport processes on the meso-scale, which greatly influence the 
macroscopic behavior of the analyzed CH materials. Based on the meso-scale modeling approach 
the model can account for the interaction between various components in each material through a 
realistic description of its meso-structure. The material discretization is based on the data obtained 
from the 3D computer tomography (CT) scan (Task 3.2). The 3D images provided by the CT are 
processed with the software Amira-Avizo and the Finite Element mesh is automatically generated 
[3]. To understand the behaviour of different materials at the macro scale, the meso-scale analysis 
of the materials is performed on the so-called representative volume specimen. The size of the 
specimen depends on the size of their constituents, e.g. maximum particle size of stones. The aim 
is from the meso-scale numerical simulation to predict macroscopic mechanical and non-mechanical 
behaviour of the analysed materials. The properties of each material component at meso-scale are 
obtained from the experimental part of the project. The analysis is carried out for initially un-damaged 
and damaged materials, whereas damage can be of mechanical type (cracking) or non-mechanical 
type (e.g. temperature induced, humidity induced, etc.). The study is performed in the framework of 
continuum mechanics following the basic principles of irreversible thermodynamics. As the 
constitutive law a coupled Chemo-Hygro-Thermo-Mechanical (CHTM) model [4-8] is used (MODA 
1). The theoretical background of the model and related publications are reported in section 2 (state 
of the art). 

The main difficulty of the present task is to quantify mechanical and non-mechanical properties of 
the material components. For this reason, the numerical activity is carried out in narrow collaboration 
with the experimental part of the project. Once the properties of each phase are known, the above 
mentioned macroscopic material properties can be predicted by using meso-modeling approach. 
These properties will be then used in a large-scale finite element study (Task 3.4) to investigate the 
behaviour of larger structures under different environmental and mechanical loading conditions.  

In the framework of USTUTT activity, the presented CHTM model will be extended to account for 
salt crystallization. The obtained material model will be possibly compared with free available models 
for CHTM, e.g. DELPHIN and ECOS/Runsalt [9, 10]. DELPHIN is a simulation program for 
calculation of coupled heat, moisture and mass transfer in capillary porous building materials. ECOS-
Runsalt software (ECOS = environmental control of salts) is used to analyse the salinity condition of 
CH objects and to determine the potential damage caused by present salts and surrounding climatic 
conditions. 

In the task 3.1 CETMA will analyse the appropriate macroscopic numerical models to predict the 
dynamic behaviour of CH materials under internal and external vibrations. To evaluate the effects of 
the pedestrian loading induced by visitors, the measurements will be taken on a closing day of the 
museum, and repeated on the second opening day, statistically the day with higher tourist affluence. 
The numerical approach to calculate damage, failure, structural dynamics (eigen frequencies, mode 
shapes) due to different dynamic loading, foresee the modelling of the Continuum macro-mechanic 
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and solid mechanics. The macroscopic mechanical properties of the material provided by meso-
scale models (USTUTT) will be used in the macro mechanical model selected in LS-DYNA (see 
MODA 2). The materials properties (Young's modulus, strength, stress-strain curves) provided by 
the analysis at the meso-scale are the input for each constitutive equation of the materials.  

For metals, the reference constitutive equations have the total strain decomposed into the elastic 
and plastic part with the plastic flow characterised by a yield condition and the elastic strains related 
to the stresses by Hooke’s law [11, 12]. 

The constitutive equations defining the behaviour of woody objects are based on a transversely 
isotropic model with an elastoplastic damage model with rate effects [13, 14]. 

For stony and concrete materials, the constitutive models allow capturing mechanical behaviours 
including post-peak softening, shear dilation, confinement effect and strain rate effect. Damage is 
based on softening and modulus reduction. Damage accumulation considers upon two distinct 
formulations, the brittle damage and ductile damage [11]. 

The numerical models of CH objects or artefacts have to be constrained and loaded with the relevant 
boundary conditions to predict the behaviour of materials. Therefore, acceleration (or displacement) 
versus time curves as internal / external loading conditions are also provided by sensor data and or 
from public data. Directive 2002/49/EC relating to the assessment and management of 
environmental noise is the main European Union (EU) instrument to identify noise pollution levels 
[15, 16]. The Directive requires Member States to prepare and publish noise maps and noise 
management action plans. 

Vibration is mainly of interest in the frequency range 0.5Hz to 250Hz and is measured in units of 
acceleration, velocity or displacement, but it can give rise to an audible sound which is then 
measured in decibels. Long-term vibration can cause phenomena such as wall peeling, floor cracks 
and even structural deformation of the ancient buildings which may eventually lead to overturn and 
damage. At the end, the overall functionality and the promising potential of the adopted approach 
will be tested in comparison with other existing methods. 

USTUTT (ITT) will analyse (in collaboration with a national funded project [17]) the Density 
Functional Theory (DFT) to study how chemical and structural heterogeneities of porous materials 
alter adsorptions isotherms, wetting behaviour, surface tension and contact angles. In particular, 
molecular simulations will be conducted for assessing and improving the DFT model for water. With 
these developments, the study allows meaningful predictions of interfacial properties (MODA 3). The 
findings will support and improve the meso-scale modeling. 
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Workflow for the adopted multi-scale numerical approach (material models) 

Consecutive workflow: linked models 
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2. State of the Art 

Development of reliable numerical models to simulate complex deterioration phenomena in building 
materials is fundamental for preservation and restoration of historical buildings [18-20]. One 
important source of damage is caused by the effect of salt-related chemical reactions in or with 
building materials, such as: erosion of concrete in sewer systems, salt efflorescence on surfaces of 
buildings, degradation of painted surfaces in historical buildings, and many others [21]. 

A number of numerical studies available in the literature proposed coupled hygro-mechanical models 
to investigate deterioration phenomena in CH materials [21-28]. In [24] a coupled multiphase model 
for hygro-thermal analysis of masonry structures is presented and validated against experimental 
data. The model couples heat, moisture, salt diffusion and salt crystallization. Recent studies [27, 
28] analysed the effect of hygro-mechanical phenomena on wooden structures. In [28] a historical 
wooden panel painting is simulated under different realistic scenarios of climatic change.  

In the framework of the project the well-established Chemo-Hygro-Thermo-Mechanical (CHTM) 
model developed for reinforced concrete at the University of Stuttgart [4-8] will be used to analyse 
deterioration phenomena in CH materials. The mathematical formulation of some relevant non-
mechanical and mechanical processes and their coupling is briefly illustrated in this section (see also 
MODA 1).  

The mathematical model for the description of transport processes in space 𝑥 and time 𝑡 include the 

following state variables: volume fraction of pore water in in the material 𝑤(𝑥, 𝑡), mass concentration 
of oxygen in pore water 𝐶0(𝑥, 𝑡), mass concentration of free chloride in pore water 𝐶𝑐(𝑥, 𝑡), mass 

concentration of bound chloride in the material 𝐶𝑐𝑏(𝑥, 𝑡) and temperature 𝑇(𝑥, 𝑡). In the mechanical 
part of the model the state variable is displacement 𝑢(𝑥, 𝑡). 

 

Non-mechanical part of the model (transport processes) 

- Transport of capillary water 

The transport of fluids (e.g. capillary water) is described in terms of volume fraction of pore water by 

Richard’s equation: 
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where 𝑤 is the volume fraction of pore water (m3 of water / m3 of concrete) and 𝐷𝑤(𝜃𝑤) is the 
capillary water diffusion coefficient (m2/s) described as a strongly non-linear function of moisture 
content. Note that the model accounts for the hysteretic behaviour of the water transport in case of 
wetting-drying cycles (adsorption-desorption curves).  

- Transport of oxygen 

The transport of oxygen can be considered as a convective diffusion problem: 
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where 𝐶𝑜 is the oxygen concentration in pore solution (kg of oxygen / m3 of pore solution) and 𝐷𝑜(𝜃𝑤) 
is the effective oxygen diffusion coefficient, dependent on the porosity 𝑝𝑐𝑜𝑛 and water saturation 𝑆𝑤. 

- Transport of chloride 

Transport of chloride or some other kind of ions through a non-saturated porous media occurs as a 
result of convection, diffusion and physical and chemical binding, e.g. by cement hydration product:  
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where 𝐶𝑐  is concentration of free chloride dissolved in pore water (kgCl-/m3 pore solution), 𝐷𝑤(𝑤, 𝑇) 
is the effective chloride diffusion coefficient (m2/s) expressed as a function of water content 𝑤 and 

temperature 𝑇, 𝐶𝑐𝑏 is concentration of bound chloride (kgCl-/m3 of material), 𝑘𝑟 is binding rate 
coefficient.  

- Heat transport 

Based on the constitutive law for heat flow and conservation of energy, the equation, which describes 
temperature distribution in continuum, reads: 
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 + − =
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Where 𝜆  is thermal conductivity (W/(m K)), 𝑐  is heat capacity per unit mass of material (J/(K kg)), 𝜌 
is mass density of material (kg/m3) and 𝑊 is internal source of heating (W/m3).  

 

Mechanical part of the model 

The microplane model with relaxed kinematic constraints [29] is used in the mechanical part of the 
model. In the finite element analysis cracks (damage) are treated in a smeared way, i.e. smeared 
crack approach is employed in the framework of standard Boltzmann continuum or alternatively in 
the framework of Cosserat continuum [30], in order to account for the rotation of particles in case of 
shear dominant load. 

The governing equation for the mechanical behaviour of a continuous body in the case of quasi-
static loading condition reads: 

( ), , 0m wD u θ T u b  + =         

in which 𝐷𝑚 is material stiffness tensor, 𝜌𝑏 is specific volume load and 𝑢 is displacement field. In the 
mechanical part of the model the total strain tensor is decomposed into mechanical strain and non-
mechanical strain, e.g. thermal strain, hygro strain (swelling–shrinking), strain due to expansion 
corrosion product.  

The non-mechanical part of the problem is solved by using direct integration method of implicit type. 
To solve the mechanical part, Newton-Rapshon iterative scheme is used. To avoid mesh size 
dependency as a regularization method crack band approach is employed. Coupling between 
mechanical and non-mechanical part of the model is performed by continuous update of the 
governing parameters during the incremental transient finite element analysis using staggered 
solution scheme. 
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3. Results and Analysis 

As mentioned in the introduction, material discretization at the meso-scale is based on the data 
obtained from the 3D computer tomography (CT) scan (Task 3.2). The software Amira Avizo is used 
to analyse the 3D images provided by the CT. 

In the framework of USTUTT (MPA, IWB) activity within the Task 3.1, the proposed methodology to 
obtain a detailed meso-scale FE model from the results of CT scan has been verified by analysing 
a cubic silica sand sample (127 mm side) available in Avizo tutorial. A 2D image (slice) of the sample, 
containing silica grains and pore spaces, is shown in Fig. 1.  

 

    

 

 

 

 

 

 

 

 

Figure 1: 2D image (slice) of the sample from Computer Tomography (CT) scan. 

 

 

 

Figure 2: Watershed segmentation with Avizo (pore space phase). 

 

 

Silica Grains 

Pore space 
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As the first step of the 3D FE mesh generation, a segmentation procedure is defined in Avizo to 
identify the different phases of the material. In particular, the watershed technique, more effective 
than standard methods based on simple thresholding, is used in this example for segmentation. After 
defining the materials characterizing the object, the threshold tool of the “segmentation module” is 
used to set the masking bounds of the analysed components (segmentation of pore-space phase is 
shown in Fig. 2). A proper selection of the masking bounds (threshold of grey values) is fundamental 
for the correct segmentation of the object (0-6000 for pore-space in Fig. 2).  A 3D view of all the 
masked voxels assigned to the pore-space material is also shown in the figure. The same procedure 
is repeated for the silica-grains. 

Once the sample is correctly segmented, the “generate surface module” of Avizo is used to construct 
a triangular mesh of all surfaces of the object. A volumetric tetrahedral grid can be then obtained 
from the previously meshed surfaces. Usually the number of triangles created by the module is far 
too large for subsequent operations. Thus, the number of triangles is reduced in a surface 
simplification step.  

As a second step of preparation for tetrahedral grid generation, surface specific tests (intersection 
test, aspect ratio test, orientation test, etc..) are performed to assure a good quality mesh. Once the 
surface tests are successfully passed, it is possible to create a volumetric tetrahedral mesh of the 
object by using the “generate tetra grid module“ of Avizo (see Fig. 3).  

In the framework of the project, software MASA (Macroscopic-Space-Analysis) [31] is used to 
perform the meso-scale simulations of CH materials (MODA 1). To prepare input data as well as to 
analyse the results of the finite element analysis, commercial pre- and post-processing package 
FEMAP® is employed. Therefore, the 3D FE model (Fig. 3) generated in Avizo is exported and saved 
in a suitable format (.inp file) for Femap®. 

 

 

Figure 3: Generation of 3D FE mesh with Avizo. 

 

The 3D FE discretization of the model (grains and pore space) imported in Femap® is shown in Fig. 
4. To verify the quality of the obtained tetrahedral mesh, a simple uniaxial compressive test has been 
performed in MASA [31], by assuming free lateral expansion of the sample. As a first assumption, 
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mechanical properties of limestone aggregate and cement mortar have been assigned respectively 
to grains and pore space. In particular, the constitutive law for mortar is based on the microplane 
model proposed by Ožbolt et al. [29], while the grains are considered as linear elastic with Young’s 
modulus of 60 GPa and Poisson’s number 0.18 (limestone). The final FE model is shown in Fig. 5a. 
The bottom surface of the sample is restrained in the vertical direction. The load is applied by 
controlling displacement 𝛿 of the upper surface of the cube in the vertical direction. 

a) 

 

b) 

 

Figure 4: 3D FE discretization of the silica sample in Femap® - a) grains; b) pore space. 

 

a) 

 

b) 

 

Figure 5: 3D FE discretization of the silica sample in Femap® - a) grains; b) pore space. 

 

Distribution of damage in the specimen is shown in Fig 5b in terms of maximum principal strains, 
where the red zones correspond to the crack width of 0.15 mm or greater. Multiple crack patterns 
are localized in the mortar phase, with higher strain values in the mortar layers surrounding the 
grains. 

The obtained results confirm the validity of the used approach. 
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4. Conclusion 

In the framework of task activities, USTUTT (MPA, IWB) is currently working on further development 
of the presented CHTM model in order to account for the salt crystallization.  

Furthermore, the proposed methodology to obtain a detailed meso-scale FE model from the results 
of CT scan has been verified by analysing a cubic silica sand sample available in Avizo tutorial. The 
FE mesh was generated and mechanical part of the analysis was performed in order to verify the 
proposed approach.  

In the task 3.1 CETMA is selecting the appropriate macroscopic numerical models to predict the 
dynamic behaviour of CH materials under internal and external vibrations. To evaluate the effects of 
the pedestrian loading induced by visitors, currently the measurements are performed on a closing 
day of the museum, and repeated on the second opening day. 

In collaboration with the national funded project (CRC 1313 / SFB 1313: Interface-Driven Multi- Field 
Processes in Porous Media - Flow, Transport and Deformation) USTUTT(ITT) is analysing the 
Density Functional Theory (DFT) to study how chemical and structural heterogeneities of porous 
materials alter adsorptions isotherms, wetting behaviour, surface tension and contact angles.  
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(30) Ožbolt, J. and Gambarelli, S. (2018). Microplane model with relaxed kinematic constraint in the 
framework of micro polar Cosserat continuum, Engineering Fracture Mechanics, 199: 476-488. 

(31) Ožbolt J. MASA – Macroscopic Space Analysis. Internal Report, Institute für Werkstoffe im 
Bauwesen, Universität Stuttgart, Germany. 1998. 
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MODA 1: USTUTT (MPA, IWB) 

MOdelling DAta providing a description  

for Cultural Heritage materials 

simulated in project SENSMAT 

Data Owner [Joško Ožbolt, USTUTT,  

ozbolt@iwb.uni-stuttgart.de] 
 

OVERVIEW of the SIMULATION 

1 USER CASE 
Main degradation phenomena in Cultural Heritage materials (stone, wood, metals, etc..) 
induced by mechanical and environmental loading conditions (e.g. temperature, humidity).  

2 CHAIN OF MODELS 

MODEL 1. 

USTUTT 

(MPA,IWB) 

 

Continuum model  

 

MODEL 2. 

(CETMA) 

 

Continuum model  

MODEL 3. 

USTUTT (ITT) 
Classical Density Functional Theory 

DATA MINING 

METHODOLOGY 
 

3 
PUBLICATION 

PEER-REVIEWING 

THE DATA 

 
(1) MASA - MAcroscopic Space Analysis   

http://www.iwb.uni-stuttgart.de/fesimulation/index.html 

(2) Ožbolt, J., Li, Y.-J. and Kožar, I. (2001). Microplane model for concrete with 
relaxed kinematic constraint. International Journal of Solids and Structures, 38, 
2683-2711. 

(3) Ožbolt, J., Periškić, G. Reinhardt, H.W. and Eligehausen, R. (2008). Numerical 
analysis of spalling of concrete cover at high temperature. Comp.& Concrete, 
Vol. 5, No.4, 279-294. 

(4) Ožbolt, J., Balabanić, G., Periškić, G. and Kušter, M. (2010). Modeling the effect 
of damage on transport processes in concrete, Construction & Building Materials, 
24, 1638-1648. 

(5) Ožbolt, J., Balabanić, G. and Kušter, M. (2011). 3D Numerical modelling of steel 
corrosion in concrete structures, Corrosion Science, 53: 4166-4177. 

(6) Ožbolt, J., Oršanić, F., Balabanić, G. and Kušter, M. (2012). Modeling damage 
in concrete caused by corrosion of reinforcement: coupled 3D FE model, 
International Journal of Fracture, 178, 233-244. 

(7) Bošnjak, J., Ožbolt, J and Hahn, R. (2013). Permeability measurement of high 
strength concrete at elevated temperatures using a new test setup. Cement and 
Concrete Research, 53, 104-111. 

(8) Ožbolt, J., Oršanić, F. and Balabanić, G. (2016). Modeling influence of hysteretic 
moisture behaviour on distribution of chlorides in concrete, Cement and Concrete 
Composites, 67, 73-84. 

http://www.iwb.uni-stuttgart.de/fesimulation/index.html
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(9) Ožbolt, J. and Gambarelli, S. (2018). Microplane model with relaxed kinematic 
constraint in the framework of micro polar Cosserat continuum, Engineering 
Fracture Mechanics, 199, 476-488. 

 

4 
ACCESS 

CONDITIONS 

 

The currently developed model is free available only for research purpose. 

http://www.iwb.uni-stuttgart.de/fesimulation/index.html 

 

5 
WORKFLOW AND 

ITS RATIONALE 

 

As workflow, in model 1, the research activity will be focused on the meso-scale modeling 
approach. The structure of the material (stone, wood, etc.) will be discretized based on 
the data obtained from the 3D computer tomography scan.   

The meso-scale analysis of the materials will be performed on the so-called representative 
volume specimen. The size of the specimen depends on the size of their constituents, e.g. 
maximum particle size of stones. The aim is to predict the macroscopic mechanical and 
non-mechanical behaviour of the analysed materials. The properties of each material 
component on meso-scale will be obtained from the experimental part of the project. The 
study will be performed for initially un-damaged and damaged materials, whereas damage 
can be of mechanical type (cracking) or non-mechanical type (e.g. temperature induced, 
humidity induced, etc.). The studies will be performed in the framework of continuum 
mechanics following the basic principles of irreversible thermodynamics. As the 
constitutive law, a coupled Chemo-Hygro-Thermo-Mechanical (CHTM) model will be 
used.  

In the framework of the project already existing and well-established model developed at 
the University of Stuttgart will be used because of the following reasons: (i) Our 3D CHTM 
model couples mechanical and non-mechanical processes; (ii) It is fully developed at 
Institute of Construction Materials (IWB), i.e. we are the owner of the source code; (iii) In 
the framework of the project the model will be further improved and extended for solution 
of the problems relevant for the proposed project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.iwb.uni-stuttgart.de/fesimulation/index.html


 

SensMat_D3.1_M8_v3 

Page 17 of 31 

Workflow picture  

Modeling within SenSmat (WP3-Task 3.1-USTUTT (MPA, IWB))  
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Physics-based Model: MODEL 1 

  

1 ASPECT OF THE USER CASE/SYSTEM TO BE SIMULATED  

1.1 

ASPECT OF THE 

USER CASE TO BE 

SIMULATED 

 

 

Cultural Heritage artefacts constitute a very large family of different materials, that 
are very sensitive to degradation phenomena due to climatic changes (organic 
materials contaminated by salts, metallic objects sensitive to corrosion phenomena, 
mineral objects (stones, bricks, mortars) polluted by salts mixtures). 

 

1.2 MATERIAL 

 

Wood, painted wood, metal, stone, etc.. 

 

1.3 GEOMETRY 

 

The size of the specimen depends on the size of their constituents, e.g. maximum 
particle size of stones. 

 

1.4 TIME LAPSE 

 

N/A 

 

1.5 

MANUFACTURING 

PROCESS OR 

 IN-SERVICE 

CONDITIONS 

 

Conditions to be simulated: 

 

1) Mechanical loading conditions 

 

2) Environmental loading conditions (temperature, humidity, corrosiveness) 

 

 

1.6 
PUBLICATION ON 

THIS DATA 

 

 

 

 

 

2 GENERIC PHYSICS OF THE MODEL EQUATION  

2.1 

MODEL TYPE 

AND NAME 
 

Continuum model (coupled CHTM model) 

 

2.2 MODEL ENTITY Finite volume 

2.3 

MODEL 
PHYSICS/ 

CHEMISTRY 

EQUATION  

PE 

 

Equation 

 

Mechanical part of the model: 

 

1) Governing equation of a continuous body under static loading 
condition:  
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( ), , 0m wD u θ T u b  + =    

 

Dm is material stiffness tensor, ρb is specific volume load and u 

is displacement field. 

 

Non-mechanical part of the model: 

 

Transport processes (differential equations): 

 

1) Transport of capillary water (extended Darcy equation): 

 

       

 www
w D
t




=



)(

 

 

Dw(w) is capillary water diffusion coefficient (m2/s) described as 

a strongly non-linear function of moisture content. The model 
accounts for the hysteretic behaviour of the water transport in 
case of wetting-drying cycles (adsorption-desorption curves). 

 

2) Transport of oxygen (convective-diffusion problem): 

 

       
 ( ) ( )o

w w o w o w w w o

C
θ θ D θ C D θ θ C

t


=  +  

  

 

Dc(w,T) is the effective chloride diffusion coefficient, dependent 

on the porosity pcon and water saturation Sw. 

 

3) Transport of chlorides (convective-diffusion problem): 

                     

       
 ( , ) ( )c cb

w w c w c w w w c

C C
D T C D C

t t
    

 
=   +   −

        

         

( )cb
r c cb

C
k C C

t



= −

       

                  

Dw(w) is the effective oxygen diffusion coefficient, expressed 

as a function of water content w and temperature T, Ccb is 

concentration of bound chloride (kgCl-/m3 of material). 

 

4) Transport oh heat: 
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( ) 0


 + − =


T
T W T c

t
 

 

 

Where  is thermal conductivity, c is heat capacity per unit mass 

of material (J/(K kg)),  is mass density of material (kg/m3) and 

W is internal source of heating (W/m3).  

 

Active corrosion phase (differential equations): 

 

1) Flow of electric current through the conductive pore solution: 

 

𝑖 = −𝜎(𝑆𝑤 , 𝑝𝑐𝑜𝑛)𝛻𝛷 

 

𝜎 is the electrical conductivity of the material 

 

2) Equation for electrical charge conservation 

 

∇2𝛷 = 0 

𝛷 is the electrical potential 

 

 

3) Distribution of corrosion products: 

 

𝜃𝑤
∂R

𝜕𝑡
=∇ ∙ [𝜃𝑤𝐷𝑟∇𝑅] + 𝐷𝑤(𝜃)∇𝜃𝑤∇𝑅 

𝐷𝑟 is the diffusion coefficient of corrosion products 

 

 

Physical  
quantities  

 

- Mechanical part of the model: 

Forces, displacements, stresses, strains 

 

- Non-mechanical part of the model: 

Volume fraction of pore water, mass concentration of oxygen, 
free chlorides and bound chloride in pore water, electric 
current, anodic and cathodic potential 

 

2.4 

MATERIALS 

RELATIONS 

 

 

Relation 

 

- Mechanical part of the model: 

The microplane model with relaxed kinematic constraints is used in the 
mechanical part of the model. The employed constitutive law is based 
on the damage theory. 

- Non-mechanical part of the model 
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Constitutive equations for diffusion of chemical species (assumption of 
steady state). Chemical reactions related to active corrosion (anodic 
and cathodic polarization). 

 

Physical 
quantities for 
each material 
relation (MR) 

 

 

- Mechanical part of the model: 

Stresses, strains, secant stiffness (damage theory) 

 

- Non-mechanical part of the model: 

Diffusivity (e.g. capillary water, oxygen, chlorides), electrical 
conductivity, permeability, diffusion coefficient of rust 
products. 

 

2.5 

PHYSICS 

FORMULATION 

OF THE 

CONDITIONS 

 

 

2.6 

SIMULATED 

INPUT 
 Mechanical (E, ν, tensile and compressive strength, fracture energy) and non-mechanical 
(permeability, diffusivity, density, porosity, etc..) properties of CH materials 

 

 

 

 

 

 

3 SOLVER AND COMPUTATIONAL TRANSLATION OF THE SPECIFICATIONS  

3.1 NUMERICAL SOLVER FEM (Finite Element Method) 

3.2 SOFTWARE TOOL 

 

MASA (Macroscopic-Space-Analysis) Software. To prepare input data as well as to 
analyse the results of the finite element analysis, commercial pre- and post-processing 
package FEMAP® is used. 

 

http://www.iwb.uni-stuttgart.de/fesimulation/index.html 

 

3.3 TIME STEP 

 

N/A 

 

3.4 

COMPUTATIONAL 

REPRESENTATION  

 

 

PHYSICS 

EQUATION, 
MATERIAL 

RELATIONS, 
MATERIAL 

 

The weak form of the system of six partial differential equations 
which govern transport of capillary water, oxygen and chloride, 
binding of chloride by hardened cement paste, heat transport in 
concrete and equilibrium is carried out by employing the Galerkin 
weighted residual method: 

 

1) Transport of capillary water: 

       

[𝑃𝜃𝑤
]{�̇�𝑤} + [𝐾𝐶0

]{𝜃𝑤} = {0} 

http://www.iwb.uni-stuttgart.de/fesimulation/index.html
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2) Transport of oxygen: 

 

[𝑃𝐶0
]{�̇�0} + [𝐾𝐶0

]{𝐶0} = {0} 

 

3) Transport of chlorides: 

 

[𝑃1𝐶𝑐
]{�̇�𝑐} + [𝑃1𝐶𝑐𝑏

]{�̇�𝑐𝑏} + [𝐾𝐶𝑐
]{𝐶𝑐} = {0} 

 

4) Binding of chlorides by hardened cement paste: 

 

[𝑃2𝐶𝑏
]{�̇�𝑐𝑏} + [𝑃2𝐶𝑐

]{�̇�𝑐𝑏} + [𝑃3𝐶𝑐𝑏
]{𝐶𝑐𝑏} = {0} 

 

5) Heat transport: 

 

[𝐶𝑇]{�̇�} + ([𝐾] + [𝐻]){𝑇} = {0} 

 

6) Equilibrium equation 

 

[𝐾𝑚]{�̇�} = {𝑓} 

3.5 
COMPUTATIONAL 

BOUNDARY 

CONDITIONS  

 

Mechanical and environmental boundary conditions 

3.6 
ADDITIONAL SOLVER 

PARAMETERS 

 

The non-mechanical part of the problem is solved by using direct integration method 
of implicit type. To solve the mechanical part, Newton-Raphson iterative scheme is 
used. Coupling between mechanical and non-mechanical part of the model is 
performed by continuous update of the governing parameters during the incremental 
transient finite element analysis using staggered solution scheme. 
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4 POST PROCESSING 

4.1 

 

THE PROCESSED 

OUTPUT  

 

For each converged load increment the program MASA generate numeric set of 
output data which contain mechanical data (nodal displacement, reactions, element 
strains and stresses) and non-mechanical data (distribution of capillary water, oxygen, 
chlorides. To show and print out the results in the graphical form FEMAP® is used. 

In the framework of the project, the processed output will be used as input to analyse 
larger CH structures. 

 

4.2 

 

METHODOLOGIES 

 

Cracks (damage) in the material are represented in terms of maximum principal 
strains in the framework of the smeared crack concept. 

  

4.3 
MARGIN OF ERROR  
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MODA 2: CETMA 

MOdelling DAta providing a description  

for Cultural Heritage materials 

simulated in project SENSMAT 

 

OVERVIEW of the SIMULATIONS 

1 USER CASE 
Dynamic behaviour of CH-materials under vibrations (visitors, urban noise, handling, 
etc.). 

2 CHAIN OF MODELS 

 

MODEL1.  

(USTUTT) 

Continuum model 

MODEL 2. 

(CETMA) 

 

 

Continuum macro-mechanic: solid mechanics (conservation equations) 
to calculate damage, failure, structural dynamics (eigenfrequencies, 
mode shapes) due to different external and internal dynamic loading 
(visitors’ presence, urban noise, and handling) on CH Materials and 
objects made of Metal, wood, Stone and painted wood panels. 

 

3 
PUBLICATION PEER-
REVIEWING THE DATA 

 

(1) P.G. Chiriboga Arroyo (2013) “Finite Element Modeling of Vibrations in Canvas 
Paintings”. 

(2) M. Pieraccini, M. Betti (2017) “Radar detection of pedestrian-induced vibrations 
on Michelangelo's David”. 

(3) K. Ip, J. Lester & A. Brown (2016) “ Seismic Non-Linear Analysis of Damaged 
Historic Buildings : Cathedral of the Blessed Sacrament, Christchurch”  

 

4 ACCESS CONDITIONS 

 

FE analysis carried out with commercial software LS-DYNA (www.lstc.com).  

Input data: proprietary of the CAD models from the museums or scanner  

 
  

5 
WORKFLOW AND ITS 

RATIONALE 

 

Continuum mechanics (solid mechanics) applied to different scales using different 
Materials Relation is well suited for problems at these length and time scales. The 
macroscopic materials properties (Young's modulus, strength, stress strain curves) will 
be provided by the analysis at the meso-scale. 

LS-DYNA code has capability and method for modelling of vibrations and soil-structure 
interaction that applies to large civil structures such as concrete buildings, museum 
buildings and CH locations or object. 

 

  

http://www.lstc.com/
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Workflow picture 

Modeling within SenSmat (WP3-Task 3.1-CETMA)  
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Physics-based Model: MODEL 2 

 

1 ASPECT OF THE USER CASE/SYSTEM TO BE SIMULATED 

1.1 
DESCRIPTION OF THE USER CASE 

ASPECT TO BE SIMULATED 

Effect of environmental vibrations on the architectural 
heritage in the exhibition room and/or on the single 
object; different loading conditions are considered 
related to the type of vibration. 

1.2 MATERIAL 
Metals materials, artworks material, sculptures 
materials, Wood materials, stony materials and painted 
wood materials.  

1.3 GEOMETRY 
Inputs are the CAD data provided by Museum and/or 
derived within the project 

1.4 
TIME LAPSE (DURATION OF THE 

PROCESS TO BE DESCRIBED) 

Duration of the simulation will be decided on the basis of 
the loading curve of external vibrations and data from 
sensor. Selection of the critical range of loading.  

1.5 
MANUFACTURING PROCESS OR 

IN-SERVICE CONDITIONS 
Boundary and initial loading conditions due to vibrations 
of internal and external sources 

1.6 PUBLICATION ON DATA  

 

 
 

 2 GOVERNING EQUATIONS 

2.1 MODEL TYPE AND NAME 
Solid Mechanics (macro-mechanics), Continuum model for 
the mechanical behaviour of materials under dynamic 
loading and vibrations  

2.2 MODEL ENTITY Finite volume 

2.3 
PHYSICS 

EQUATION

S 

Equation 

Mechanical equilibrium equation. 

The energy balance and the conservation of energy:  

 

�̇� =  𝑉𝑠𝑖𝑗 휀𝑖𝑗 − (𝑝 + 𝑞)�̇� 

 

𝑠𝑖𝑗 = deviatoric stress = 𝜎𝑖𝑗 + (𝑝 + 𝑞)𝛿𝑖𝑗 

휀𝑖𝑗 = strain rate tensor 

q = bulk viscosity  

𝛿𝑖𝑗 = Kronecker delta 

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑝 =  −
1

3
𝜎𝑖𝑗𝛿𝑖𝑗 − 𝑞  

 

Physics 
quantities 

Masses and mass moments of inertia, damping, stiffness, 
displacement, internal and external forces, stresses and 
strains.  
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2.4 

MATERIAL

S 

RELATION

S 

Relation 

Constitutive equations in which the total strain is 
decomposed into elastic and plastic part. Materials 
constitutive equations used as anisotropic brittle damage 
model. 
Linear and non-linear stress strain law, different tensile and 
compressive laws of materials. 
Constitutive equations with the plastic flow characterised by 
a yield condition and the elastic strains are related to the 
stresses by Hooke’s law. 
Elasto-plastic material with an arbitrary stress as a function 
of strain curve and arbitrary strain rate dependency. Failure 
based on a plastic strain or a minimum time step size.  
Constitutive equations defining the behaviour of woody 
objects. 
Transversely isotropic material model with elastoplastic 
damage model with rate effects for solid finite elements. 

 

Physical 
quantities for 
each material 
relation (MR) 
 

Young's moduli, Poisson's ratio, shear modulus, non-linear 
stress strain law and damage law parameters.  
Masses and mass moments of inertia, Stiffness, damage, 
tensile and compressive strength.  

2.5 SIMULATED INPUT 

Acceleration or displacement versus time curves as external 
loading conditions are also provided by sensor data as input 
data 

- E, ν, stress strain curve of materials as input 
 

- Level of damage and degradation of the CH object 
as output at macro scale 

 

3 COMPUTATIONAL DETAIL OF DATA-BASE APPLICATION 

3.1 
NUMERICAL 
SOLVER 

Ls-Dyna general-purpose finite element solver capable of 
simulating complex real problems; the main solution methodology 
is based on explicit time integration, implicit solution and solvers 
for Multiphysics are also included.  

3.2 SOFTWARE TOOL 

Ls-Dyna materials selector (www.lstc.com/dynamat/) 
Ls-Prepost the Ls-Dyna pre-processor and post processor 
delivered for free (lstc.com/products/ls-prepost) 
Additional set of tools that facilitate the work with Ls-DYNA at the 
link : www.dynamore.de/en/products/tools 
Papers from European and International Ls-Dyna User 
Conferences and papers provided by other users are available on 
the web site www.dynalook.com. 

3.3 TIME STEP 
Time step used in the solving operations. Basically, the time step 
size depends on the materials Young modulus and the mesh size 
used for discretization of the continuum.  

3.4 

COMPUTATIONA

L 

REPRESENTATI

ON 

Physics 
equation  

Differential equations define relationship between physical 
quantities and their rates of change in Ls-Dyna.  
For structural dynamics problems of a mechanical system, the 
spatial discretization for the principle of virtual work equation of 
motion is : 

[M]{�̈�(𝑡)} + [C]{�̇�(𝑡)} + {𝐹𝑖(𝑡)} = {𝐹𝑎(𝑡)} 

 

[M] = structural mass matrix 

[C] = structural damping matrix 

http://www.dynamore.de/en/products/tools
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{�̈�(𝑡)} = nodal acceleration vector 

{�̇�(𝑡)} = nodal velocity vector 

{𝑢(𝑡)} = nodal displacement vector 

{𝐹𝑖(𝑡)} = internal load vector 

{𝐹𝑎(𝑡)} = applied load vector 

 

Materials 
relations 

Object and /or structure discretization is achieved by the use of 
four node tetrahedron and eight node solid elements, two node 
beam elements, three and four node shell elements, eight node 
solid shell elements, truss elements, membrane elements, 
discrete elements, and rigid bodies. All finite elements are related 
with material equations.  

Material 

The Constitutive equations of the materials are the computational 
representation of materials. This model included the features to 
describe the responses of the  
material strength to external and internal loading (vibrations).  

3.5 
COMPUTATIONAL BOUNDARY 

CONDITIONS 

Pure computational conditions, degree of freedom of the entire 
model; acceleration time curves, displacement time curves and all 
vibrations loading are applied to the full-scale model.  

3.6 
ADDITIONAL SOLVER 

PARAMETERS 

The mechanical part of the calculations is solved by Newton-
Raphson iterative algorithm. Pure internal numerical solver 
details are the specific tolerances, convergence criteria, 
integrator options, under relaxation parameters, mass scaling for 
explicit simulations. 

 

4 POST PROCESSING 

4.1 THE PROCESSED OUTPUT 

 
The output is calculated on the full-scale model; the main 
results are stress, strain, damage, displacement, and 
eigenvalues of the museum materials objects. 
Stress, strain and level of damage of the artefacts are the 
output for the project. The numerical simulation results are 
analysed in graphical form with LSPREPOST code. 
 

4.2 METHODOLOGIES 

 
In the post-processing of the simulation results additional 
operations as averaging, filtering, interpolation, deriving and 
differentiating can support and detail the analysis.  
 
 

4.3 MARGIN OF ERROR 

 
 
The deviation among experimental and numerical results 
must be < 5%. 
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MODA 3: USTUTT (ITT) 

MOdelling DAta providing a description  

for Cultural Heritage materials 

simulated in project SENSMAT 

Data Owner [Joachim Gross, USTUTT,  

gross@itt.uni-stuttgart.de] 
 

OVERVIEW of the SIMULATION 

1 USER CASE 
Microscopic adsorption and wetting behaviour of water in ordered and non-ordered porous 
media.  

2 CHAIN OF MODELS 

 

MODEL 3 

 

Classical Density Functional Theory using the PC-SAFT equation of state 

3 
PUBLICATION 

PEER-REVIEWING 

THE DATA 

 
(1) Sauer, E., Terzis, A., Theiss, M., Weigand, B., & Gross, J. (2018). Prediction of 

Contact Angles and Density Profiles of Sessile Droplets Using Classical Density 
Functional Theory Based on the PCP-SAFT Equation of State. Langmuir, 34(42), 
12519-12531. 

(2) Sauer, E., & Gross, J. (2017). Classical density functional theory for liquid–fluid 
interfaces and confined systems: A functional for the perturbed-chain polar 
statistical associating fluid theory equation of state. Industrial & Engineering 
Chemistry Research, 56(14), 4119-4135. 

(3) Gross, J., & Sadowski, G. (2001). Perturbed-chain SAFT: An equation of state 
based on a perturbation theory for chain molecules. Industrial & engineering 
chemistry research, 40(4), 1244-1260. 
 

4 
ACCESS 

CONDITIONS 

 

Implementation details of our currently developed model can be found in the cited 
literature.  

 

5 
WORKFLOW AND 

ITS RATIONALE 

The research is focused on the connection between the macroscopic adsorption and 
wetting and the connection to the molecular fluid-solid interactions. 

The solid-fluid interactions exerted by the CH materials are modeled by an external 
potential in the context of density functional theory. The interactions of ordered solids can 
be expressed in terms of an atomistic crystal structure and interaction parameters for each 
atom type. The solid-fluid interactions parameters of an unordered solid can be described 
by algebraic potentials and encompass pore size distribution and irregularities in the solid 
structure and are obtained by fitting to experimental adsorption isotherms of model fluids. 
The resulting density profiles obtained from classical density functional theory are further 
processed to obtain adsorption isotherms and macroscopic contact angles. The 
framework is developed at the Institute of Thermodynamics and Thermal Process 
Engineering (ITT) and was successfully applied to adsorption isotherm in homogeneous 
slitpores and prediction of contact angles on homogeneous surfaces.  
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Workflow picture 

Modeling within SensMat (WP3-Task 3.1-USTUTT (ITT))  

 

 

 

Physics-based Model : MODEL 3 

  

1 ASPECT OF THE USER CASE/SYSTEM TO BE SIMULATED  

1.1 

ASPECT OF THE 

USER CASE TO BE 

SIMULATED 

 

Determination of contact angles of various chemical substances on homogeneous 
Teflon. 

1.2 MATERIAL 

Smooth Teflon surface; no other surface preparation; the surface is cleaned in 
between measurements with isopropanol which is fully evaporated to prevent 
mechanical contact with the surface 

 

1.3 GEOMETRY Circular Teflon piece of 10 mm thickness and 25 mm diameter. 

1.4 TIME LAPSE 

 

All contact angle calculations are static calculations. We do not consider dynamic 
contact angles at the moment. 

 

1.5 

MANUFACTURING 

PROCESS OR 

 IN-SERVICE 

CONDITIONS 

The contact angle calculations are performed at the same temperature and 
environment as the experiments. 

 

 

1.6 
PUBLICATION ON 

THIS DATA 

Sauer, E., Terzis, A., Theiss, M., Weigand, B., & Gross, J. (2018). Prediction of 
Contact Angles and Density Profiles of Sessile Droplets Using Classical Density 
Functional Theory Based on the PCP-SAFT Equation of State. Langmuir, 34(42), 
12519-12531. 
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2 GENERIC PHYSICS OF THE MODEL EQUATION  

2.1 

MODEL TYPE 

AND NAME 
 

Classical Density Functional Theory 

 

2.2 MODEL ENTITY Particle/entity 

2.3 

MODEL 
PHYSICS/ 

CHEMISTRY 

EQUATION  

PE 

 

Equation 

 

Grand canonical functional: 

 

       Ω[𝜌(𝐫)] = 𝐹[𝜌(𝐫)] + ∫ 𝜌(𝐫)(𝑉𝑒𝑥𝑡(𝐫) − 𝜇)d𝒓 

 

𝐹[𝜌(𝐫)] is the Helmholtz energy functional describing the fluid-

fluid interactions, 𝑉𝑒𝑥𝑡(𝐫) is the external potential representing the 

solid-fluid interactions by the CH material and 𝜇 is the chemical 
potential of the corresponding bulk phase. 

Functional derivative of the grand canonical functional (Euler-
Lagrange equation): 

 

𝛿Ω[𝜌(𝐫)]

𝛿𝜌(𝐫)
=

𝛿𝐹[𝜌(𝐫)]

𝛿𝜌(𝐫)
+ 𝑉𝑒𝑥𝑡(𝐫) − 𝜇 = 0 

 

 

Physical  
quantities  

 

- One-particle density profile 𝜌(𝐫) 

2.4 

MATERIALS 

RELATIONS 

 

 

Relation 

 

Helmholtz energy functional: 

𝐹[𝜌(𝐫)] = 𝐹𝑖𝑔[𝜌(𝐫)] + 𝐹ℎ𝑠[𝜌(𝐫)] + 𝐹𝑑𝑖𝑠𝑝[𝜌(𝐫)] + 𝐹𝑐ℎ𝑎𝑖𝑛[𝜌(𝐫)] 

 

Physical 
quantities/ 

descriptors for 
each  MR 

 

 

 

- PC-SAFT parameters of the modelled fluid: 

Segment number 𝑚 

Segment diameter 𝜎 

Potential depth of fluid-fluid interactions 휀 

 

 

2.5 

PHYSICS 

FORMULATION 

OF THE 

CONDITIONS 

 

 

2.6 
SIMULATED 

INPUT 
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3 SOLVER AND COMPUTATIONAL TRANSLATION OF THE SPECIFICATIONS  

3.1 NUMERICAL SOLVER 

 

Picard Iteration 

 

3.2 SOFTWARE TOOL 

 

DragonFruiT-SAFT (developed at ITT, not available to the public, implementation 
details can be found in the cited literature) 

 

3.3 TIME STEP 

 

N/A 

 

3.4 

COMPUTATIONAL 

REPRESENTATION  

 

PHYSICS 

EQUATION, 
MATERIAL 

RELATIONS, 
MATERIAL 

 

 

3.5 
COMPUTATIONAL 

BOUNDARY 

CONDITIONS  

 

 

3.6 
ADDITIONAL SOLVER 

PARAMETERS 
 

 

 

 

 

4 POST PROCESSING 

4.1 

 

THE PROCESSED 

OUTPUT  

 

For each pressure increment during the calculation of the adsorption isotherm the one 
particle density is integrated to obtain the average number density per pore space 
volume. 

4.2 

 

METHODOLOGIES 

 

The macroscopic contact angle 𝜗 of an homogeneous, smooth solid is calculated with 
the Young’s equation 

𝛾𝑠𝑔 = 𝛾𝑠𝑙 + 𝛾𝑙𝑔 cos 𝜗 

Which relates the surfaces tensions between the three phases solid (s), liquid (l) and 
gas (g). 

The surface tension between the phases can be obtained by evaluation of the grand 
canonical functional: 

𝛾 =  
1

𝐴
(Ω[𝜌] + 𝑝 𝑉) 

  

 

 


