on the Durability of Concrete
A Multi Scale Approach

Nowadays, a contractor is not finished when the construction
phase of a project is completed. New forms of collaborations and
contracts often make it compulsory for the contractor to take into
account repair and maintenance of the new structure. It therefore
becomes increasingly important to gain better in sights into different
degradation mechanisms of structures.
The extend to which a concrete construction can resist detrimental
conditions depends on the rate of ingress of the hazardous liquids
and gasses. The rate of ingress has a direct relation with the pore
structure of the concrete. The size, distribution and connectivity of the
pores is mainly determined during the hardening of the concrete.
The relative humidity during the hardening of the concrete is assumed
to have a great influence on the final quality of the concrete cover. In
this thesis the influence of the relative humidity of the environment on
the pore structure was assessed both numerical as experimental.

The results of these calculations were used as input for another
simulation program called HYMOSTRUC, which is developed by
Delft University, The Netherlands. With this program the degree of
hydration of the concrete was assessed on a micro scale.
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First, existing knowledge was examined and analysed to scope the
research outlined in this thesis. After that, simulations on macro scale
were carried out using the computer program MLS from FEMMASSE
b.v., Culemborg, The Netherlands. These simulations provided
insight in the moisture transport through a concrete cross section as
a function of the relative humidity of the environment.
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INTRODUCTION

1.1

General Scope of the Project

Nowadays, a contractor is not finished when the construction phase of a project is completed.
New forms of collaborations and contracts often make it compulsory for the contractor to
take into account repair and maintenance of the new structure. It therefore becomes
increasingly important to gain better in sights into different degradation mechanisms of
structures.
The extent to which a concrete construction can resist detrimental conditions depends on the
rate of ingress of the hazardous liquids and gasses. The rate of ingress has a direct relation
with the pore structure of the concrete. The size, distribution and connectivity of the pores is
mainly determined during the hardening of the concrete.
The relative humidity during the hardening of the concrete is assumed to have a great
influence on the final quality of the concrete cover.

1.2

Aim and Set Up of the Project

The main aim of this project is to investigate the influence of the relative humidity of the
environment on the concrete quality.
First, existing knowledge was examined and analyzed to scope the research outlined in this
thesis. After that, simulations on macro scale have been carried out using the computer
program MLS from FEMMASSE b.v., Culemborg, The Netherlands. These simulations provided
insight in the moisture transport through a concrete cross section as a function of the relative
humidity of the environment.
The results of these calculations were used as input for another simulation program called
HYMOSTRUC, which is developed by Delft University of Technology, The Netherlands. With
this program the degree of hydration of the concrete was assessed on a micro scale.
At the same time, experiments have been designed and executed to refine the input
parameters for the two simulation programs.
Finally some practical applications were investigated to show the relevance of the project.
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Figure 1.1: Research Program.

Figure 1.2: Multiscaling from MLS to HYMOSTRUC.

1.3

Outline of the Report

Table 1.1: Outline of the Report.

Parts

Description

Part 1

Literature Study

Part 2

Macroscale

Part 3

Microscale

Part 4
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Containing
Chapter 1: Introduction
Chapter 2: Cement Hydration
Chapter 3: Microstructure
Chapter 4: Degradation Mechanisms
Chapter 5: Environmental Conditions
Chapter 6: Introduction to MLS
Chapter 7: General Simulations
Chapter 8: Find Input Parameters
Chapter 9: Results from MLS
Chapter 10: Introduction to Hymostruc
Chapter 11: Extension of Hymostruc
Chapter 12: Practical Applications
Chapter 13: Summary, Conclusions and Recommendations

In Chapter 1 a general introduction to the subject is given. The general aim and set-up of the
research is displayed and outline of the report is shown.
Chapter 2 describes the process of cement hydration. The different stages are discussed and
the definition of the degree of hydration is explained. The chapter ends with two examples of
the changes of the volumetric composition of cement paste during hydration.
Chapter 3 describes the microstructure development. The definitions of porosity and
permeability are discussed as well as the different stages of water in the pore structure.
Chapter 4 consists of the elaboration of two types of degradation mechanisms. First the
process of carbonation is explained, after which chloride attack is treated.
In Chapter 5 the different environments which are taken into account in this research are
shown. The relatively wet environment of The Netherlands is compared to the dry
environment of Australia. They are compared in relative humidity and days of rain in a year.
In Chapter 6 an introduction to the simulation program MLS from FEMMASSE b.v. is given. The
different input parameters are discussed as well as the output of the simulations.
Chapter 7 consists of general simulations to get an idea about moisture transport through a
concrete section. In these simulations the starting time and the duration of rain was assessed
using standard parameters.
In Chapter 8 values for the input parameters for MLS are searched. First drying experiments
are done by which the simulation will be fitted. After that the desorption curve, the diffusion
curve and the transfer coefficient used in the rest of the project are quantified. The chapter
ends with the results of the fitting process.
Chapter 9 shows the results from the macro scale simulations.
In Chapter 10 an introduction to HYMOSTRUC, the micro scale simulation program, is given.
The input and output for this program is discussed.
In Chapter 11 an elaboration on the extensions of HYMOSTRUC is made. The extensions
consist of the ability to handle moisture transport into and out of the simulated specimen in
the form of rain and evaporation.
In Chapter 12 some practical applications are shown. Here the effects of the environments of
The Netherlands and Australia are compared. Also the relevance to the demoulding time is
simulated.
In Chapter 13 a summary is shown, conclusions are made and recommendations are given to
improve the model which is presented in this thesis.
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2

CEMENT HYDRATION

2.1

General

Concrete properties develop as a function of the degree of hydration. During hydration
chemical reactions of the concrete lead to a change of structure. Concrete properties such
as strength and durability are increased with increasing degree of hydration.
The key feature for continued hydration is the presence of unhydated cement and water
available for hydration. If either one is no longer available, the hydration stops. Further
development of the mechanical properties of the concrete therefore come to an end.
In this chapter the different stages of hydration will be described, after which the concept
of the degree of hydration will be treated. The chapter ends with the volumetric
compositions of paste during the hydration process.

2.2

Stages of Hydration

According to Mindess [11], the hydration of Portland cement can be divided into four
stages as shown in Figure 2.1.
I.

Pre-induction stage

On contact with water cement grains start to react. This early reaction period lasts only a
few minutes and is called the pre-induction period. It corresponds to the first peak of heat
liberation measured with an isothermal calorimeter. This peak is mainly due to the
reaction of calcium aluminate, C3A, with gypsum, CaSO4·2H2O, and water to form
ettringite.
II.

Dormant stage

A period of several hours with little hydration follows. One of the explanations of the
dormant stage is the formation of a protective layer around the cement grains that
prevents further hydration.
III.

Acceleration stage

The layer breaks open and the anhydrous cement continues to hydrates. The principal
components of Portland cement, tricalcium silicate, C3S, and dicalcium silicate, C2S, react
with water and form amorphous calcium silicate hydrate, CSH, and crystalline calcium
hydroxide, CH. Aluminates also react in this period forming ettringite that is later
converted into monosulphate. The early hydration products are mostly in the form of long
fibres that grow into the pore space and form bridges between the cement particles.
IV.

Post-acceleration stage

In the last period the hydration products form a dense layer around the original particles
that acts as a barrier for the diffusion of ions, slowing down the rate of reaction. Thus, the
7
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hydration process becomes controlled by the rate of diffusion of the ions through the
layer of hydrates. The rate of heat liberation slows down accordingly.

Figure 2.1: Stages of Hydration [4] modified by [19].

2.3

Degree of Hydration

The reaction of cement with water is accompanied by liberation of heat and chemical and
physical binding of water. The degree of hydration is approximated by de degree of heat
liberation [4]:
α(t) ≈ α(Q(t)) =

Q(t)
Qmax

(2.1)

The stoichiometric amount of water to obtain full hydration in a closed system
corresponds to w/c ratio of 0.42. With lower w/c ratio, hydration stops at a certain stage
due to lack of water and a considerable amount of anhydrous cement remains in the
hardened cement paste [14].
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2.4

Volumetric Compositions of Paste

The changes that take place in the paste as hydration progresses can be understood by
analyzing the volumetric make-up of a unit volume of paste.
100.0%

3.7%

7.4%

Empty Pores

12.0%

90.0%

Gel Water
80.0%

24.0%

40.0%

70.0%

33.5%

Capillary Water
Solid Hydration Products

7.0%
Water

60.0%

Cement
50.0%
40.0%
30.8%
30.0%

61.6%

60.0%

20.0%
10.0%

20.0%

0.0%
a) 0% Hydration

b) 50% Hydration

c) 100% Hydration

Figure 2.2: Volume Changes in Cement Paste (Sealed), [13].

Figure 2.2 depicts the volumetric proportions of a paste with a water-cement ratio of
about 0.48 at three stages: prior to hydration, at 50 % hydration, and at 100 % hydration.
Assume that the paste has initial volumes of 60 ml of water and 40 ml of cement
(Figure 2.2a) and it is in a sealed condition (no outside moisture is involved) and bleeding
is not considered. The 40 ml of cement produces 61.6 ml of solid hydration products,
which include 21.6 ml of chemically combined water (Figure 2.2c). These solid products
represent the solid constituent of the cement gel. Within the cement gel there are 24.0 ml
of pores that are filled with adsorbed gel water. Of the original 60 ml of mix water, 7 ml
remains in the capillary pores. The volume of cement gel plus water in the capillaries
equals 92.6 ml, which is 7.4 ml less than the original volume of 100 ml. Thus 7.4 ml of the
capillary pores are empty.
Figure 2.2 (b) shows the composition when 50 % of the cement has hydrated; the volume
of cement gel is exactly 50 % of the volume for the fully hydrated condition.
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In Figure 2.3 the paste is no longer sealed, so free (capillary) water can evaporate. At a
certain point no more capillary water is available for hydration. The hydration process
therefore stops and unhydrated cement remains. In this case the paste will never reach
full hydration.
100.0%
Empty Pores
17.2%

90.0%

Gel Water
80.0%

37.3%

40.0%

Capillary Water

12.0%
70.0%

Solid Hydration Products
20.0%

60.0%

Water
14.5%
Cement

50.0%
40.0%
30.8%
30.0%

33.2%

60.0%

20.0%
20.0%

10.0%

15.0%

0.0%
a) 0% Hydration

b) 50% Hydration

c) Fully Evaporated

Figure 2.3: Volume Changes in Cement Paste (With Evaporation).
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3

MICROSTRUCTURE DEVELOPMENT

3.1

General

During the hydration process the hydration products make mutual contacts and build up a
three-dimensional network structure around the still hydrating anhydrous cores. On
macro scale this process is observed as the development of material properties like
strength, hardness, stiffness and permeability.
The rate of intrusion of hazardous substances is related to the permeability of the
concrete. In the most general way, permeability depends on the total porosity. More
specifically, the permeability depends on the way in which the total porosity is distributed.
Permeability is a parameter for the connectivity of the pores.
This chapter consists of descriptions of the parameters porosity and permeability. Also the
different stages of water during hydration are shown.

3.2

Porosity

The pore volume is generally defined as the initial paste volume minus the volume of solid
material. The non-evaporable water (as described in paragraph 3.4) is considered as part
of the solid mass. Porosity is defined as the ratio between the pore volume and the initial
paste volume.
Vpor = Vpaste -Vsolid [cm3 ]
P=

(3.1)

Vpor  cm3 
Vpaste  cm3 

(3.2)

There are different types of pores in concrete. Sources of porosity include:
Gel pores
Capillary pores
Air voids
Porosity associated with the paste-aggregate interfacial zones
Table 3.1: Different Pores according to [11] modified by [19].

Designation
Capillary pores

Diameter
50 nm to 0.5 μm
10 to 50 nm

Description
Large capillaries
Medium capillary

Affects
Strength, permeability
Strength, permeability,
shrinkage at high humidities

Gel pores

2.5 to 10 nm
0.5 to 2.5 nm
<0.5 nm

Small capillaries
Micro pores
Micro pores

Shrinkage to 50% RH
Shrinkage, creep
Shrinkage, creep
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3.2.1

Capillary Pores

Capillary pores are formed because the hydration products do not fill all the space
between formed products. It must be noticed that the size division between capillary and
gel porosity is to a large extent arbitrary, as the spectrum of pore sizes is a continuous
one. Only capillary pores are responsible for the water permeability, [11].

Figure 3.1: Relation between water permeability and capillary porosity of cement paste [15].

Capillary pores are divided into large and small capillary pores. The small capillary pores
are 10 to 50 nm. These pores influence the concrete properties strength, permeability and
shrinkage at high humidity’s. The large capillary pores are 50 nm to 0.5 µm. These pores
influence the concrete properties strength and permeability.
In general, the parameters characterizing pore structure are porosity (pore volume
fraction), pore size distribution and internal pore surface area. These parameters may be
useful to describe the relationship between porosity and strength, but are not fully
adequate to link the pore structure to the permeability. The pores start out as a
continuous network, but become progressively closed off as hydration proceeds. As seen
from Figure 3.1 the total amount of capillary pores shows a substantial effect on the
transport properties of cement paste and concrete. However, the topological properties,
i.e. connectivity and tortuosity of the pore structure network, are more crucial in water
transport.
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3.2.2

Interfacial Transition Zone and Porosity

In the interfacial transition zone, packing of the cement particles is poor due to the wall
effect depict in Figure 3.2. This locally results in high w/c ratio and hence a high porosity
and possibly an overall higher permeability as shown in Figure 3.3.

Figure 3.2: Wall effect [16].

Figure 3.3: Interface characteristics [4].
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3.3

Permeability

Permeability is a measure of the ease with which a fluid passes through a porous body.
There are numerous theories to explain permeability.

3.3.1

Modelling Permeability

The most common expression used to describe permeability is Darcy’s Law:

k=−

µQ
 dh 
Aδ g  
 dz 

(3.3)

Where Q is the volume of fluid discharged per unit time through the cross-sectional area
A, µ is the viscosity of the fluid, δ is the density of the fluid, g is the acceleration of gravity,
 dh 
  is the hydraulic gradient in the direction of flow, z.
 dz 
Another expression is Poiseuille’s Law:
Q=−

πr4
 dP 
8µ  
 dl 

(3.4)

It states that the volume flow Q, through a capillary tube of diameter r, where µ is the
 dP 
viscosity of the fluid and   is the pressure gradient cause flow along tube of length l.
 dl 
These models can be combined to develop an expression for permeability:

k=−

ε < r2 >
8

(3.5)

Where permeability k, is related to the total porosity ε through the mean squared pore
radius < r 2 > assuming that pores are tubes and do not interconnect. That means this
expression does not consider structures in the pore network.

3.3.2

Interfacial Transition Zone and Permeability

In paragraph 3.2.2 it is mentioned that the interfacial transition zone often has a higher
porosity than the bulk paste.
In mortar, a substantial part of the volume is occupied by the ITZ. One would expect it to
have a high impact on the permeability of the concrete, especially because of the
presence of micro cracks in the ITZ.
Scrivener and Nemati [17] studied polished specimens impregnated under load with
Wood's metal by SEM. Results showed high connectivity and preferential permeability of
the ITZ compared to the bulk paste. Due to the increased porosity, the transition zone is
considered to influence the transport processes in the concrete. Delagrave et al. [8]
studied the influence of ITZ on the chloride diffusivity of mortars. It was found that the
presence of aggregates modified considerably the microstructure of the cement paste by
14
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introducing transition zones and thus facilitating movement of the chloride ions. Others,
e.g., Bourdette et al. [3], stated that the diffusion coefficient of chloride ions can be 6–12
times greater in the transition zone compared to the bulk paste.*

3.3.3

Diffusion vs. Saturated Flow

In this thesis there are two speeds of moisture transport, being the transport due to
diffusion and the transport of moisture when the pore system is fully saturated.
The diffusion process can be described by Fick’s second law:

δφ
δ 2φ
=C 2
δx
t

(3.6)

Where,
-3
φ is the concentration in dimensions of, [mol m ]
t is time [s]
2 -1
C is the diffusion coefficient in dimensions of [m s ]
x is the position, [m]
D is assumed to be constant, but in concrete this is not the case.
In his paper, [2] ,Bažant concludes that the diffusivity C strongly depends on pore humidity
H, as is approximately expressed by the formula below.
C(H) = C 1

a - (1- a)

 1- H 
1+ 

 1- Ht 

n

(3.7)

He also writes that at a transition from a nonsaturated to a saturated state in dense
concrete (H = 1), the diffusion coefficient increases discontinuously about 1,000 times.
This phenomenon will later on be used to make a decision on the speeds of wetting and
evaporation.

*

Original text from [7]
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3.3.4

Influence of Cracks on Permeability

Permeability will be influenced if cracks of the concrete are taken into account. Cracks
provide a way for faster transport into the concrete. In 1990 Wittke, [18], suggested using
the model of laminar flow through a fracture with smooth parallel walls from rock
mechanics, to model flow through cracked concrete.
Calculated flow rate through a smooth crack with parallel walls, qcalc, is:

qcalc =

gl ∆h 3
w
12υ t

(3.8)

where:
g = gravitational acceleration
∆h = change in water head
t = crack length in flow direction (sample thickness)
l = crack length perpendicular to the flow direction
w = crack width (in this case average COD)
n = kinematic viscosity
Aldea, [1], did experiments to verify this model and found the following results.

Figure 3.4: Influence of Cracks on Flowrate according to Aldea.

This data shows the flow rate is much higher if the crack width increases. In this thesis
cracks on the concrete cover are not taken into account.
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3.4

States of Water

In a hydrating water/cement system, water can be roughly classified into three different
forms [14]:
I.

Chemical bound water [gel]

Water bound chemically in the hardened paste, acting as an integral part of the solid
hydration products. The resulting volume of the chemical reaction is less than that of the
added volumes of the constituents.
II.

Physically bound water [adsorbed water]

Water contained in the gel pores of the paste that is bound physically by the surface
forces of adsorption. The amount of water in this state depends on the relative humidity
in the pore system.
III.

Capillary water

Water held within the capillary pores of the paste.
Water movement into and out of the paste has significant effects. As water leaves, the
paste shrinks; and as water enters, the paste swells. The forces of adsorption on the
surfaces of the solid hydration products provide the driving force for water movement
into paste and provide the resistance to drying out.
Powers and Brownyard defined evaporable and non-evaporable water in terms of an
initially saturated, hardened paste according to its volatility. The remaining nonevaporable water is essentially the chemically combined water plus some portion of the
water in the gel pores, whereas the evaporable water comes from the capillary pores and
some of the gel pores. At complete hydration of cement, an amount of water of about 2223% of the weight of the anhydrous cement is chemically bound. However, these are
arbitrary distinctions because whether a given kind of water will evaporate depends on
the specific drying conditions.

Figure 3.5: Schematic view of the states of water in cement paste [4].
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The key point is that the three types of water are held within the paste with forces of
different magnitudes. Water that is held more strongly in the pores is harder to evaporate.
When drying conditions prevail, the most loosely bound water evaporates first, followed
by the more tightly bound water. Under ordinary drying conditions, some of the adsorbed
gel water is lost along with water from the smaller capillaries. As the paste is cured for
longer periods, the amounts of chemically-bound water and gel pore water increase while
the amount of capillary water decreases.
Hydration increases the amount of solid phase of the paste as water is consumed by
chemical reactions. In addition, some of the water is adsorbed onto the surfaces of the
solids in the cement gel. If the supply of water is insufficient to keep these surfaces
saturated, the relative humidity in the paste will decrease causing the phenomenon of
self-desiccation. When the relative humidity drops below 80 %, the hydration rate slows
down and it becomes negligible when the internal relative humidity drops to 30 %. Selfdesiccation will not occur if the initial water-cement ratio of the paste is sufficiently high
and the mix water is prevented from evaporating (sealed condition).
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4

DEGRADATION MECHANISMS

4.1

General

The matter, in which a concrete structure can resist hazardous conditions, depends on the
rate of ingress of the hazardous liquids and gasses. The rate of ingress has a direct relation
with the pore structure inside the concrete.
In this thesis two detrimental mechanisms are taken into account: carbonation and
chloride attack. In the following paragraphs these mechanisms will be explained.

4.2

Corrosion of Rebars in Concrete

Corrosion is an electrolytic process, caused by potential differences across the steel
2+
surface. During Fe ions go into solution at the anode. At the cathode the free electrons
are used in a reaction to form OH .
Anodic reaction

Fe → Fe 2+ + 2e -

(4.1)

4e - + O2 + 2H2O + O2 → 4OH -

(4.2)

Cathodic reaction

The free iron ions can then react to form different rust products:

Fe 2+ + 2OH - → Fe(OH)2
4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3

(4.3)

2Fe(OH )3 + 3O2 → 2Fe2O3 + 3H2O

4.3

Passivation of Rebars in Concrete

Steel embedded in concrete develops a passivity layer on its surface. This layer which is
self-generated soon after the hydration of cement has started, consists of y-FezO3,
adhering to the steel. As long as this dense oxide film is present the steel remains intact.

4.4

Carbonation

Carbonation* is the reaction of carbon dioxide, CO2, on the calcium bearing faces of the
concrete. During this reaction the PH of the concrete drops. This can cause the steel to
lose its passivation layer. Therefore corrosion of the rebars can occur.
*

Free translation of a part of ENCI informatieblad: Bestandheid van beton tegen wapeningscorrosie door carbonatie
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There are three stages in carbonation:
Diffusion of CO2 through the capillary pores.
Dissolution of CO2 in the water film on the pore wall.
CO2 + H2O → H2CO3
-

(4.4)

Neutralisation of Ca(OH)2 by H2CO3.
Ca(OH)2 +H2CO3 → CaCO3 +2H2O

(4.5)

During this reaction the PH drops from the usual value of 13 to about 8. The passivation
layer as described in the former paragraph can no longer be maintained and corrosion can
occur.
Table 4.1: Chances of corrosion due to carbonation.

Climate
Dry
Wet, rarely dry

Chance on corrosion
Low
Low

Wet and dry cycles

High
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Reason
Little corrosion due to a lack of water.
As carbonation occurs at the drying front, the
reaction stops if the pores are saturated.
The carbonation front stays at the same spot.
In that zone a low PH, oxygen and water are
available.

Chloride Attack

4.5

Chloride Attack

Another important degradation mechanism is corrosion due to chloride ingress*. Free
chloride ions are able to destroy the passivation layer. In a subsequent reaction
hydrochloric acid is formed, lowering the PH. This causes rapid dissolution of iron ions into
the pore water, causing an even more acid environment. A PH as low as 4 is no exception.
The effects of free chlorides:
Chlorides enter the passivation layer and react with the iron to form the easily
dissolvable iron chloride.

Fe 2+ + 2Cl - → FeCl2
FeCl2 + 2H 2O → Fe(OH)2 + 2Cl −
-

By hydrolysis of iron chloride, hydrochloric acid can be formed.
FeCl2 + 2H2O → Fe(OH)2 + 2HCl

-

4.6

(4.6)

(4.7)

Small amount of chlorides can locally destroy the passivation layer. This locally
causes a strong form of corrosion, known as pitting corrosion.

Conclusion and Remarks

Both mechanisms have a negative effect on the passivity layer of the rebars inside the
concrete.
A more porous concrete allows a higher transport rate of hazardous substances into the
concrete. In other words CO2, water and chlorides can enter the concrete faster. The
degradation process of the concrete will therefore also proceed more rapidly. A dense
concrete cover provides better protection against the detrimental substances and slows
down the degradation process. For this reason the resistance against carbonation and
chloride attack increases, with further hydration of the concrete cover.

*

Free translation of a part of ENCI informatieblad: Bestandheid van beton tegen wapeningscorrosie door chloriden
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5

ENVIRONMENTAL CONDITIONS

5.1

General

Different environmental conditions will be taken into account. The climate in The
Netherlands* is relative moist whilst a more dry climate is found in Australia**. The data
about these two climates will provide knowledge about realistic environmental conditions
for the next steps in the research.

5.2

Environmental Conditions in The Netherlands and Australia

Table 5.1: Comparison of Environmental Conditions between The Netherlands and Australia.

Average annual relative humidity
Annual average number of days
with rain > 1mm
Average chance of rain on a day
Mean maximum temperature
Mean minimum temperature

*

De Bilt (The Netherlands)
82% (1971-2000)
131 days (1971-2000)

Adelaide (Australia)
63% (1971-1986)
90 days (1971-1999)

36%
13.7 °C
5.7 °C

25%
21.2 °C
12.6 °C

Data comes from Koninklijk Nederlands Meteorologisch Instituut (KNMI)

**

Data comes from Australian Bureau of Meteorology (ABOM)
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Figure 5.1: Average Seasonal Relative Humidity in The Netherlands (KNMI).
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Environmental Conditions in The Netherlands and Australia

Figure 5.2: Average annual relative humidity in Australia (ABOM).

Figure 5.3: Average annual number of days with rainfall > 1mm in Australia (ABOM).
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5.3

Conclusions and Remarks

The data presented in the former paragraph indicates that different environmental
conditions have to be considered. In further chapters the humidity will therefore range
from 50% to 90%.
The process of water evaporation from the concrete is a diffusion controlled process. It is
therefore much slower than the process of wetting the concrete. In the later, saturated
flow determines the flow rate. The large difference in speed is described in
Paragraph 3.3.3
As the speed of saturated flow is not infinite, concrete still requires some time to take up
water. Therefore only rainfall > 1mm is taken into account.
Taking a uniform distribution of rainfall over one year and disregarding the large scatter, it
rains every 2.7 days in De Bilt. In Adelaide it rains every 4.1 days. Disregarding the scatter
is a big assumption because it could rain for seven days straight or not rain at all for seven
days.
In Table 5.2 the parameters which will be used in further simulations are summarized.
Moreover if the Dutch environment or the environment in The Netherlands is used, the
values from De Bilt apply. In the same way the values of Adelaide apply for the Australian
environment.
Table 5.2: Parameters used for further simulations.

De Bilt, The Netherlands
Adelaide, Australia
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Relative Humidity
80%
60%

Rain
Every 68 hours
Every 98 hours
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6

INTRODUCTION TO MLS

6.1

General

The program used for the numerical simulations is MLS, made by FEMMASSE bv.
FEMMASSE is an abbreviation of Finite Element Modules for Materials Science and
Structural Engineering.
MLS is a module of FEMMASSE capable to compute the following physical and structural
behaviour of composed structures, taking varying environmental conditions into account.
The following type of predictive analyses can be computed*:

•

Physical:
Temperature evolution (all types of solid materials).
Evolution of the maturity of concrete.
Evolution of the degree of hydration of concrete.
Evolution of the moisture content (all types of porous materials).
Structural:
Evolution of tensile and compressive strength of concrete.
Evolution of displacements due to thermal and hygral dilatations and external
loads.
Evolution of principal stresses due to thermal and hygral dilatations and
external loads.
Evolution of failure (damage)
Evolution of principle stresses due to thermal and hygral dilatations and
external loads.
Evolution of the crack width due to thermal and hygral dilatations and external
loads
-

•

*

Taken from MLS help file
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6.2

Input Parameters

To make the simulations more realistic, parameters have to be set. Besides the material
parameters, which describe the material properties, model parameters have to be set.
These parameters only influence the model. In the next paragraphs only the parameters
used in this study are described.

6.2.1

Material parameters

Material parameters describe the material properties of the specimen.
Table 6.1: Material Properties.

General
Thermal

Hygral

Figure 6.1:

Parameters
Weight
Capacity
Conductivity
Source (Core Model)
Desorption Curve (as a functions of Degree of
Hydration and Temperature) (Figure 6.1a)
Diffusion Curve (as a functions of Degree of
Hydration and Temperature) (Figure 6.1b)
Saturated Flow

a) Example of a Desorption Curve.

Unit
3
[kg/m ]
3
[kJ/m K]
[W/mK]
3
[kJ/m ]
3
WC [kg/m ] vs. MP[-]
2

DC [m /h] vs. MP[-]
[m/h]

b) Example of a Diffusion Curve.

In Figure 6.1a an example of a desorption curve is shown. This curve relates moisture
content (how much water is inside the concrete) to the moisture potential (the relative
humidity inside the concrete)
In Figure 6.1b an example of a diffusion curve is shown. This curve relates the moisture
potential to the diffusion coefficient. This curve shows there is a higher diffusion
coefficient is the relative humidity inside the concrete is higher. The curve follows the
formula of Bažant in Paragraph 3.3.3
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Output

6.2.2

Model parameters

The model parameters describe parameters which influence the specimen, but not the
material it is made of.
Table 6.2: Model Parameters.

Specimen

Boundary Conditions
Mesh

6.3

Parameters
Size
Initial Temperature
Initial Moisture Potential
Initial Moisture Content
Initial Maturity
Thermal Boundaries
Hygral Boundaries
Number of Elements

Unit
[m]
[°C]
[-]
3
[kg/m ]
[hours]
Temperature vs. Time
Moisture Potential vs Time
[-]

Output

In Table 6.3 the most common output parameters of MLS are shown. These parameters
can be visualized in the form of a 2D view of the specimen. Also, a cross section of the
specimen can be made. The final possibility is to assess one or multiple points in one
graph.
Table 6.3: Output Parameters.

Category
Physics

Degree of Hydration

Parameter
Temperature
Humidity
Moisture Content
[-]
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7

GENERAL SIMULATIONS

7.1

General

To be able to make some first assumptions on the effects of drying and wetting (‘rain’) of
the concrete some simple simulations are done. The parameters used in these preliminary
simulations are standard.
The goal of these simulations is to get an idea of moisture transport through the concrete.
Two effects are examined in the preliminary simulations:
Duration of ‘rain’
Starting time of ‘rain’
Both simulations are done on a 2D specimen with dimensions of 10 cm wide and 10 cm
high. The hygral boundary condition will be applied on the top boundary. In the
simulations the following (hygral) material properties were used to create the desorption
and diffusion curves displayed in Figures 7.1 and 7.2:
Cement content:

350 [kg/m3]

Water/cement ratio:

0.45 [-]

Water consumption factor:

0.23

Figure 7.1: Desorption Curve.

Figure 7.2: Diffusion Curve.
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Figure 7.3: Mesh.

In Figure 7.3 the element distribution used in the simulations is shown.
The wetting will be applied from the top side. This process is diffusion controlled, but to
simulate absorption and saturated flow, the transfer coefficient on the top edge will be
increased over 1000 times during wetting, according to Bažant in [2].*
Table 7.1: Transfer coefficient.

Transfer coefficient

Drying
1.7e-4

The entire specimen is kept at a constant temperature of 20ºC.

*
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This phenomenon is also explained in Paragraph 3.3.3

Wetting
1.0e-1

General Drying and wetting

7.2

General Drying and wetting

Figure 7.4: Moisture Content[kg/m3] at t=0 .. 12 .. 24 .. 72 hours.

In Figure 7.4 an example is shown of a drying process. The concrete is fully saturated at
the start and the relative humidity of the environment is kept constant at 30%.
In Figure 7.5 the results are shown of a specimen which is dried out first and then wetted
again. It can be seen that lowest moisture content is not located deep within the specimen
or at the surface but in between.

Figure 7.5: Wetting Process (top part).
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7.3

Duration of rain

0.60

DOH

DOH

In these experiments the duration of ‘rain’ is altered from 1 to 50 hours. The graphs below
depict the degree of hydration at different spaces from the top edge.
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Figure 7.6: Degree of Hydration at x = 0mm.
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Figure 7.7: Degree of Hydration at x = 25mm.
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Figure 7.8: Degree of Hydration at x = 50mm.

At the top edge a relative humidity of 50% is applied during drying and it is increased to
100% in periods of wetting. A lower moisture potential inside the concrete leads to a
slower hydration process. This effect is clearly visible in Figure 7.6. In points farther away
from the edge this effect is not so evident (Figure 7.7 and 7.8). There the hydration
process continues, because there is enough water available.
What is also visible from these graphs is the depth of influence. If the effect at x=0mm is
100%, the effect at 25 mm from the edge (Figure 7.7) is reduced to ±15% in degree of
hydration. At 50 mm from the edge (Figure 7.8) the effect of a longer period of wetting is
even reduced to ±5% in degree of hydration.
The overall degree of hydration is increased when moisture is applied for a longer period
of time.

36

Starting time of rain

7.4

Starting time of rain

0.50

DOH

DOH

In these simulations the duration of the rain is kept constant at 5 hours and the starting of
the rain in varied from 0 to 30 hours.
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Figure 7.9: Degree of Hydration at x = 0mm.
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Figure 7.10: Degree of Hydration at x = 25mm.
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Figure 7.11: Degree of Hydration at x = 50mm.

All of the graphs show that the sooner the rain starts the better it is for the degree of
hydration. Supplying water during the dormant period has no effect, as the reaction speed
is zero then and the specimen is still fully saturated. Of course this will change when water
evaporates in the dormant period.
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FIND INPUT PARAMETERS

8.1

General

In order to achieve more realistic simulations, a parameter search has been done. This
chapter starts with drying experiments. These experiments provide data to fit the
simulations to later. In Paragraphs 8.3 and 8.4 the parameters for the desorption and
diffusion curves are discussed. In Paragraph 8.5 the found value for the transfer coefficient
will be explained.

8.2

Drying Experiments

The goal of doing the drying experiments is to get a better idea about the evaporation
process. For the experiments discs of mortar were wetted and placed on a scale to
measure the weight loss due to evaporation.

8.2.1

Specimens

•
Mixture
The choice of mortar over concrete or paste is governed by the effect of the interfacial
transition zone (ITZ) and the size of the specimens. It is believed that the ITZ plays an
important role in moisture transport. It should therefore be taken into account in the
experiments. Also the size of the specimens was limited by laboratory equipment. This
made mortar a better material for the tests than either paste, which does not have an ITZ
or concrete, which requires large specimens.
Table 8.1: Material Composition.

wcr
0.5

Cement CEM I
3
689 kg/m

Water
3
344.5 kg/m

Air
3
10 l/m

Aggregate
3
1130.94 kg/m

Aggregate ratio
0.42677

Table 8.2: Aggregate Fractions.

Fraction
125-250
250-500
500-1
1-2
•
Dimensions

3

Percentage
0.21
0.12
0.28
0.39

kg/m
237.4974
135.7128
316.6632
441.0666

Diameter [mm]
105
105
105

Height [mm]
11.5
13.1
11.5

Table 8.3: Specimen Dimensions.

Specimen
S28D1
S28D2
S28D3
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•
Treatment
The specimens were cast and kept sealed in the mould for 28 days. After that the
specimens were placed in an environment with a relative humidity of 30 ± 15% and a
temperature of 20 ± 5°C for 7 months before they were tested.

8.2.2

Procedure

Figure 8.1: a) Clean Sample

b) Sealed Sample

Figure 8.2: a) Sample besides water basin. b) Sample on supports with topside in in the water.

The sample is sealed with foil and tape on the bottom and sides, the topside remains free.
The sample is placed with the topside down on the supports. The topside of the sample is
able to take up water from the basin for 1 hour. After 1 hour the sample is removed form
the basin and the excess water is removed.
The sample is then placed on a scale and the weight loss is measured over time. During
the whole process the temperature and humidity of the environment is measured.
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Desorption Curve

Results
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Figure 8.3: Results from drying test.

There is a clear trend in the evaporation graphs. Evaporation seems to go faster if there is
more water available at the surface; therefore the evaporation rate slows down over time.
Beside the fact that all specimens seem to show the same trend, another interesting
phenomenon is visible in the graphs. The weight of the specimens seems to be
temperature dependent.
After about 10 hours into the experiment the humidity drops from 35% to 30% and at the
same time the temperature increases about 2°C. All measurements show extra weight due
to these actions, but sample S28D2 reacts the strongest. After repeating the test, but
switching the samples and scales, it became clear that the increase in weight does not
depend on the samples, but on the scales themselves. This means the scales that were
used in the experiments are temperature dependent. As this data will be used for fitting
further simulations, the data has been corrected for this error.

8.3

Desorption Curve

The desorption curve is an input graph for MLS. It links moisture potential to moisture
content. Normally this graph is linked to the degree of hydration, as the pore space
reduces during hydration. This means a sample can contain less water at a higher degree
of hydration.
In this research this phenomenon is simplified by using only one desorption curve which is
not dependent of the degree of hydration. The curve is determined by an experiment on
the discs form the drying experiments.

41

Find Input Parameters

8.3.1

Procedure

-

Cut the disc in the way shown in Figure 8.4.
Submerge the smaller pieces in water for 24 hours.
Clear the pieces of excess water and place them in a space where humidity is
controlled.
Set a relative humidity and wait for a weight equilibrium to set in.*
If the dry specific weight of the material is known the obtained value can be transformed
into one of the points of the desorption curve. Then repeat the last step for a different
humidity.

Figure 8.4: Cutting lines for samples of desorption curve.

8.3.2

Results
160.00

Moisture Content [kg/m3]
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Figure 8.5: Desorption Curve.

*
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In these experiments the point of equilibrium was taken if the weight decreased less than 1 milligram over the last
4 hours.

Diffusion Curve

In Figure 8.5 the desorption graph is shown. One should notice that an increase of
moisture potential from 0.9 to 1.0 leads to an increase of moisture content of ±37.5%.
Moreover half of the moisture content is lost if the potential drops from 100% to 75%.

8.4

Diffusion Curve

The diffusion curve is another input graph for MLS. It links moisture potential to the
diffusion coefficient. The diffusion curve in MLS follows the formula of Bažant, [2]:





1- a


C(h) = C1  a +
n 
 1- H  

1+ 
 

 1- Ht  


(8.1)

In his paper Bažant concludes that the diffusivity C strongly depends on pore humidity H,
as is approximately expressed by the formula above. He suggests using the following
values for dense concrete and cement pastes:
2

Ht ≈ 0.75; a ≈ 0.05 to 0.10; n ≈ 6 to 16; C1 = 0.1 to 0.4 cm /day.

Diffusion Coefficient [m2/h]

1.60E-05
1.40E-05
1.20E-05
1.00E-05
8.00E-06
6.00E-06
4.00E-06
2.00E-06
0.00E+00
0

0.1
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0.3
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0.5

0.6

0.7
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0.9

1

Moisture Potential [-]
Figure 8.6: Diffusion Curve.

I will take these values as guidelines for my simulations. Bažant also suggests that at a
transition from a non-saturated to a saturated state in dense concrete (H=1), the diffusion
coefficient increases discontinuously about 1000 times. Also the rate of penetration of
hydraulic pressure into saturated dense concrete is roughly 30-times higher than the rate
of penetration of drying.
Unfortunately these last findings can not be taken into account in MLS because the
program follows the formula of Bažant.
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8.5

Transfer Coefficient

Carmeliet, [6] showed the transfer coefficient is as followed:

βe = 7.7 * 10 -9 hce

(8.2)

hce = 1.7V + 5.1

(8.3)

with,

In the help file from MLS similar formulas were found:

βe = 2.7 * 10 -8 hce

(8.4)

hce = 4V + 5.6

(8.5)

with,

-5

These two formulas give a range of the hygral transfer coefficient between 5e and 1.7e
2
[W/m K] given the environmental conditions of a wind speed less than 0.2 m/s.

8.6

-4

Mesh Dependency

Another input of MLS is a mesh on which the calculations are done. In every finite element
program there is a phenomenon called mesh dependency. This implies the results of a
simulation depend on the chosen mesh. In this research a short analysis is made what the
effects of different meshes are on the results.
To do this three types of meshes have been analyzed: standard, fine and logarithmic.

Figure 8.7: Standard, fine and logaritmic mesh.

Figure 8.8: Moisture Potentials for Standard, fine and logaritmic mesh.

As can be seen in Figure 8.7 and Figure 8.8 the differences between the fine and standard
mesh are very small. The difference of these meshes with a logarithmic mesh, on the
other hand is quite high.
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Fitting to Drying Experiment

In the following paragraph the input parameters for MLS will be fitted to the experimental
data described in paragraph 8.2.3. The simulation will be fitted using the standard mesh.
Further simulations use the same mesh density.

8.7

Fitting to Drying Experiment

In the last few paragraphs the desorption curve, a range for the diffusion curve and a
range for the transfer coefficient were found. Now that an idea has been formed about
the value of the different parameters the fitting to experimental data can start. In
Figure 8.9 the results are displayed.
To be able to compare the different results during fitting the experimental data is first
fitted by a logarithmic function.

Weight of the Specimen = 1.9 * ln(time) [gr]

(8.6)

Gram of Samples

This analytical representation of the evaporation seems to fit quite nice for the first 10
hours. After 10 hours the experimental data suggest a horizontal branch. This is however
caused by the temperature dependency of the scales during the experiments. The results
from the MLS simulations will therefore be fitted to the analytical representation.
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Figure 8.9: Results of Fitting.
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Table 8.4 shows the final parameters for MLS after fitting to the drying experiments. The
best fit was obtained by these parameters, although the hygral transfer coefficient falls
outside its boundaries. This is not easily adjustable because of the non-linear dependency
between the different fitting parameters.
Table 8.4: Final Fitting Parameters.

Desorption Curve
As in Paragraph 8.3.2
-

Diffusion Curve
-5
C1 = 1.5e
A = 0.1
Ht = 0.7

Hygral Transfer coefficient
-4
2.5e
1.60E-05
Diffusion Coefficient [m2/h]

160.00
Moisture Content [kg/m3]

140.00
120.00
100.00
80.00
60.00
40.00
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1.20E-05
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Figure 8.10: Used Desorption and Diffusion Curves.

8.8

Conclusions and Recommendations

Figure 8.9 shows the results that have been obtained in this research. More sets of
parameters could be checked if they give a better result, but for this thesis these
parameters suffice.
It would be best to measure the desorption and diffusion curves for various degrees of
hydration. That would give a better representation of the reality. Of course the
simulations should then no longer be fit to the drying experiments of highly hydrated
specimens, but to concrete with the same degree of hydration.
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9

RESULTS FROM MLS

9.1

General

In this chapter the MLS simulations will be presented. First the common set-up of the
simulations is described, after which the results will be presented.

9.2

Common set-up of Simulations

A specimen 25mm wide and 75mm high is simulated. At the start of the simulation the
specimen will be fully saturated and fully hydrated. The temperature will be kept at a
constant 20°C. Moisture transport can only take place through the top side of the
specimen. On this side different relative humidities will be applied. These humidities are
kept constant during the simulation, which has a duration of 500 hours. The specimen is
meshed in 20x80 elements.
Note that it is possible for water to evaporate from the start of the simulation. In reality
this kind of behaviour could be found when casting floors.

Figure 9.1: Set-up of the simulations.
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9.3

Results

The results are in the form of graphs of moisture content, over time at a certain point with
a distance, x, from the edge. The moisture content has been factorized (moisture content
/ maximum moisture content).
In Figure 9.2 the results from the simulations at 50% relative humidity are shown. The
depth of the evaporation is visible up to 20mm. The moisture content has reduced to 43%
on the edge and 50% at 5mm from the edge.
In Figure 9.3 the results from the simulations at 90% relative humidity are shown. The
depth of the evaporation is only visible up to 5mm. The moisture content has reduced
only 7% on the edge. At 5mm from the edge the effect is almost not visible anymore.
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Figure 9.2: Results from the simulations with a Relative Humidity of 50%.
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Figure 9.3: Results from the simulations with a Relative Humidity of 90%.
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Remarks

9.4

Remarks

In reality the speed of the movement of the moisture depends on the degree of hydration.
The pore structure changes with the degree of hydration. Further hydration leads to a less
porous and less permeable pore system, which can hold water more strongly as more
water can be adsorbed (paragraph 3.4). Moisture loss due to evaporation is therefore
expected to be lower at higher degrees of hydration. Another mechanism which reduces
the amount of water available for hydration is the use of water by the chemical relation of
the cement and water.
In the model presented here is a simplification of the reality. During the simulations a nonchanging pore structure is assumed. This is done by setting the degree of hydration to
100% at the start of the simulations. Together with the drying experiments from
paragraph 8.2 this implies water evaporation takes place through a highly hydrated
specimen. The rate of evaporation is therefore expected to be underestimated. Also no
water loss due to hydration is taken into account. The water loss due to hydration will be
taken into account on micro scale.
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10 INTRODUCTION TO HYMOSTRUC
10.1

General

The basic HYMOSTRUC model [4], [9]. was developed for the simulation of the reaction
process and the formation of microstructure in hydrating Portland cement. In this model
the degree of hydration is simulated as a function of the particle size distribution, the
chemical composition (C3S and C2S content) of the cement, the water/cement ratio and
the reaction temperature.
The base of the model rests on a series of assumptions. First, the reaction products are
assumed to precipitate in the vicinity of the dissolving cement grains, and their density is
believed to remain constant throughout the hydration process (under isothermal
conditions). Second, both the dissolution and growth processes of the cement particles
are assumed to occur concentrically until particles make contact with each other. Finally,
cement particles of similar size are assumed to hydrate at the same rate and their
components react at equal fractional rates. The hydration process and the complex
physical interactions between the hydrating cement particles as described in the
HYMOSTRUC model are shown in Figure 10.1.

Figure 10.1: Interaction mechanism for expanding particles: free expansion and formation of inner and
outer product (left); embedding of small particles (right).

In the model, the hydration process can be divided into two distinct phases: a first
boundary-reaction phase followed by a diffusion-controlled phase.
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The hydration kinetics of a single particle, x, is described, which gives the rate of
penetration of the reaction front at depth x in an individual cement particle at time tj:
β1

 δ (.)  
Δδin,x,j+1
= k0 (.) × Ω1 (.) × Ω2 (.) × Ω3 (.) × F1 (.) F2 (.) ×  tr  
 δ  
Δt j+1

 x,j  


(10.1)

where Δδin,x,j+1 is the increase of the penetration depth in time step Δtj+1, K0 is the basic
rate factor of the boundary reaction. δtr is the transition thickness (μm), being the
thickness of the product layer δx,j at time t at which the reaction of the particle in view
changes from the phase-boundary reaction into a diffusion controlled reaction. The
parameters Ωi describe the various effects of water on the cement hydration mechanisms
and the parameters Fi take into account the influence of temperature of the hydration
process.
The HYMOSTRUC model starts from cement particles randomly distributed in a threedimensional body according to water/cement ratio [9]. By using the rate formula
described above, the cement grains gradually dissolve and a porous shell of hydration
products is formed around the grain (Figure 10.2b). Further hydration of this particle goes
along with further “expansion” and embedding of neighboring particles. This results in an
outward growth of the particles. The hydration products around the cement grains first
cause the formation of small isolated clusters. Big clusters are formed when small cement
particles become embedded in the outer shell of other particles, which promotes the
outward growth of these particles (Figure 10.2c). As hydration progresses, the growing
particles become more and more connected. In this way, the material changes from the
state of a suspension to the state of a porous elastic solid (Figure 10.2d).*

Figure 10.2: Formation of the microstructure in hardening cement paste, after [18].

The basic model described here does not allow moisture to be added or subtracted from
the system. In Chapter 11: Extension of Hymostruc it will be explained what has been
changed to cope with the loss of water due to evaporation and the water uptake due to
rain.

*
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Original text from [16]

Input Parameters

10.2

Input Parameters

In HYMOSTRUC the cement composition, water cement ratio and mix composition can be
set. Also a paste can be build, generating a statistic particle distribution. These input
parameters will all be used in the simulation of cement hydration.
For the simulations done in this research the values of the mixture of the experiments will
be used as input parameters.
Table 10.1: Material Composition.

wcr
0.5

10.3

Cement CEM I
3
689 kg/m

Water
3
344.5 kg/m

Air
3
10 kg/m

Aggregate
3
1130.94 kg/m

Aggregate ratio
0.42677

Output

Before doing the calculations, the number of time steps can be set. Also there is a
possibility to write the output data to a Microsoft Excel file. In this file lots of parameters
are written for every time step. The main interesting parameters for this thesis are:
-

Time in time steps
Time in hours
Degree of hydration
Capillary water volume
Pore volume
Volume of chemical shrinkage
Maximum wet and dry pore diameters
Porosity
Degree of saturation
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11 EXTENSION OF HYMOSTRUC
11.1

General

The basic version of HYMOSTRUC does not allow for moisture transport in or out of the
model. In this research the focus points are these effects, so HYMOSTRUC has to be
extended to cope with the moisture loss or gain.
First the starting point and changes needed for evaporation are explained. After that the
assumptions and extensions needed to simulate rain are discussed.*

11.2

Evaporation

11.2.1 Starting Point
The model presented in this thesis is based upon uncoupled use of the macro and micro
scale programs. From MLS, the program used on macro scale, moisture profiles are
generated. The data from these profiles can be saved in the form of an evaporation file.
The file consists of two columns of data: time and the factorized moisture content. Files
are made for environments at 50%, 60%, 70%, 80% and 90% relative humidity at 0, 5, 10,
15, 20, 25, 30 and 35mm from the edge of the concrete.
For every simulation done on micro scale the evaporation file belonging to that
environment and position in the concrete can be imported.

11.2.2 Implementation
An evaporation file, which contains the results from the chosen MLS simulation, is
imported into HYMOSTRUC. To match the time steps of the MLS file and the HYMOSTRUC
steps the imported file is interpolated linearly.
HYMOSTRUC calculates how much time has past between time step ‘J ‘and the previous
time step. The amount of water evaporated during that amount of time can then be
calculated from the evaporation file, which is the result from the MLS simulation. The
volume of capillary water is then reduced with this amount of evaporated water.
The volume of capillary pores is calculated by the following formula:

Δevap ( j , j − 1) = Vevap ( j − 1) − Vevap ( j)

(11.1)

Vcap(j) = Vcap(j - 1) - dVcap(j) - Δevap

(11.2)

As water can now be removed from the system, air should be put back into the system to
maintain the correct volume balances:
*

In this chapter all code is in the form of pseudo-code.
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Vpor (j) = Vcap (j) + Vchsh (j) + ∆ evap;total

(11.3)

Δevap;total (j) = Vevap(j) -Vevap(0)

(11.4)

The pore volume is the summation of the capillary water volume, the volume change due
to chemical shrinkage and the volume of the evaporated water.
While modelling the evaporation of water independent from the hydration process, one
should take into account the volume of capillary water can never become negative.

11.3

Simulating Rain

11.3.1 Assumption
Modelling wise simulating rain means adding water to the system. Evaporation is a slow
process because it is diffusion controlled. The uptake of water, on the other hand, is a lot
faster, because then the speed is limited to the speed of sorption*.
As the speed of water up take is much higher it will be simulated by full saturation of the
available pore space in one time step.
After the rain, water can evaporate again. Due to the independency between the
evaporation from MLS and the hydration process from HYMOSTRUC, the rate of
evaporation is the same after the rain as it was at the start of the simulation.
Pore space created by chemical shrinkage will also be filled up when it ‘rains’. According to
van Breugel [4] the pore volume decreases with increasing degree of hydration. The
volume reduction is mainly at the cost of the volume of larger pores. And water
accumulates in pores with a smaller pore diameter.
This means that the pore space created by chemical shrinkage will be accumulated in the
pores with a bigger pore diameter. Therefore these pores may be filled with water during
‘raining’. Note that the water uptake phenomenon mainly plays a role at the surface area
where the moisture profile in and outside the concrete is in balance.
Another assumption has to be made concerning the end of the simulation. In the basic
HYMOSTRUC the react stops if there is a lack of water or cement. In the extended version
used in this research the simulation should continue up to a predefined time. This is
necessary to make sure the simulation isn’t stopped before it rains. It is assumed that if
there is a lack of water (due to evaporation and hydration) there is no more hydration and
evaporation, but the simulation continues. If water is supplied at a later time hydration
and evaporation continue.

*
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Sorption encompasses both absorption and adsorption. Adsorption is a process that occurs when a gas or liquid
solute accumulates on the surface of a solid forming a molecular or atomic film. It is different from absorption, in
which a substance diffuses into a liquid or solid to form a solution.

Simulating Rain

11.3.2 Implementation
A ‘rain file’ is made, which consists of one column with values which represent the
number of hours after the start of the simulation when it rains. Every time step
HYMOSTRUC checks if it will ‘rain’ in the next time step:

if(total_time + delta_timestep >= time_of_rain[i]) {}

(11.5)

If this statement is true the program reduces the time step to precisely match the time of
the rain.
In HYMOSTRUC the time steps are logarithmic. This mean that every time a mayor change
or jump takes place during the simulation the size of the time steps should be reset. This is
done by setting the parameter time_factor from the formula below to 0.1.

delta_timestep = 10time_factor - 10timefactor-0.1

(11.6)

Another if-statement is added which is activated when the total time is equal to the time
when it should rain. The available porespace is then filled with water and the evaporation
file is read from the start again.

Δevap (j) = evap(j) - evap(0)

(11.7)

Δevap;total (j) = 0

(11.8)

In terms of modeling the amount of water calculated to be evaporated becomes negative.
This means water is added to the system. It is ensured that no more water can be added
to the system then there is space for it.
The implementation of the new stop criterium (as describe in the former paragraph) is
quite simple. The simulation should never stop unless the amount of timesteps have been
made that the user has specified. If no more hydration is possible due to a lack of water,
the evaporation is also stopped.
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11.4

Extension of the Output

During this research project HYMOSTRUC is also extended* to provide input for a
rendering program called POV-Ray.
This was done by making an extra option in the 3D-view screen. Two types of files can be
written. The first option is to make an exact rendering of the 3D-view. The other option is
to make the pore structure visible.

Figure 11.1: Example Renderings of the Solids (left) and Pore System (right).

*
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12 PRACTICAL APPLICATIONS
12.1

General

With the extension, HYMOSTRUC is able to handle moisture transport in and out of the
system. In this chapter some practical applications will be described.
First, the results of the simulation of the Dutch and Australian environment are showed
and compared. After that, the relevance of demoulding time is assessed. This chapter ends
with the presentation of experimental results of specimens hydrated at Dutch and
Australian environments.
Rain is defined as full saturation at a certain time as described in Paragraph 11.3. The
moments of rain are as described in Chapter 5.

12.2

The Netherlands

To simulate a Dutch environment a constant relative humidity of 80% will be maintained.
The average time between rain showers is 68 hours.

12.2.1 Evaporation Curves
In Figure 12.1 the evaporation graph is shown. This curve is the result from the MLS
simulation setting the top hygral boundary condition to a relative humidity of 80%.
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Figure 12.1: Evaporation Graph of The Netherlands.
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12.2.2 Results from The Netherlands without Rain
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Figure 12.2: Degree of hydration at different distances from the concrete cover.
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Figure 12.3: Vcap at different distances from the concrete cover.
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Figure 12.4: Vpor at different distances from the concrete cover.

From Figure 12.2 the effect of water evaporation from the concrete cover is clearly visible.
After 28 days the degree of hydration at the edge is only 0.13. This is only 19% of the
degree of hydration after 28 days without evaporation. At 20mm from the edge the
degree of hydration is 84% of the standard value.
Figure 12.3 shows the decrease of capillary water due to the hydration process and the
evaporation of water according to Figure 12.1.
Table 12.1: Summarized Results of The Netherlands without Rain after 28 days.

Distance from Edge
0mm
5mm
10mm
15mm
20mm
25mm
30mm
35mm
Standard

Degree of Hydration
0.13
0.32
0.43
0.52
0.58
0.63
0.65
0.69
0.71

3

3

Vpor [cm /cm ]
0.66
0.49
0.45
0.43
0.39
0.38
0.37
0.36
0.35
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12.2.3 Results from The Netherlands with Rain
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Figure 12.5: Degree of hydration at different distances from the concrete cover.
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Figure 12.6: Vcap at different distances from the concrete cover.
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Figure 12.7: Vpor at different distances from the concrete cover.

Figure 12.6 depicts the capillary water over 28 days with rain every 68 hours. By wetting
the cover of the concrete higher degrees of hydration can be obtained. The degree of
hydration is 60% of the standard value at 28 days.
Another interesting phenomenon can be seen at a distance of 15mm or more. The degree
of hydration is higher than the degree of hydration without rain and evaporation.
However the difference is quite small.
Table 12.2: Summarized Results of The Netherlands with Rain after 28 days.

Distance from Edge
0mm
5mm
10mm
15mm
20mm
25mm
30mm
35mm
Standard

Degree of Hydration
0.42
0.64
0.70
0.72
0.72
0.72
0.72
0.72
0.71

3

3

Vpor [cm /cm ]
0.46
0.38
0.36
0.35
0.35
0.35
0.35
0.35
0.35
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12.2.4 Comparison of Dry and Wet Weather in The Netherlands
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Figure 12.8: Effects on the Degree of Hydration with and without rain.

Figure 12.8 shows the effect of rain in a Dutch environment. Only the results of the first
10mm are shown because there the effect is the biggest. The degree of hydration at 28
days increases about 3 times on the edge, 2 times at 5mm and 1.6 times at 15mm. Also
one should notice the 28 days degree of hydration at 10mm is about the same as the
degree of hydration after 28 days without rain and evaporation.
Table 12.3: Summarized Results of the Comparison between Dry and Wet Weatherin The Netherlands.

Distance from Edge
Degree of Hydration - Dry
0mm
0.13
5mm
0.32
10mm
0.43
Standard (no evaporation and no rain)
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Degree of Hydration - Wet
0.42
0.64
0.70
0.71

Australia

12.3

Australia

12.3.1 Evaporation Curves
In Figure 12.9 the evaporation graph is shown. This curve is the result from the MLS
simulation setting the top hygral boundary condition to a relative humidity of 60%.
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Figure 12.9: Evaporation Graph of Australia.
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12.3.2 Results from Australia without Rain
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Figure 12.10: Degree of hydration at different distances from the concrete cover.
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Figure 12.11: Vcap at different distances from the concrete cover.
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Figure 12.12: Vpor at different distances from the concrete cover.

From Figure 12.11 the effect of water evaporation from the concrete cover is clearly
visible. After 28 days the degree of hydration at the edge is only 0.03. This is only 5% of
the degree of hydration after 28 days without evaporation. At 20mm from the edge the
degree of hydration is 79% of the standard value.
Table 12.4: Summarized Results of Australia without Rain after 28 days.

Distance from Edge
0mm
5mm
10mm
15mm
20mm
25mm
30mm
35mm
Standard

Degree of Hydration
0.03
0.20
0.34
0.43
0.52
0.56
0.61
0.64
0.71

3

3

Vpor [cm /cm ]
0.59
0.54
0.48
0.56
0.43
0.41
0.38
0.37
0.35
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12.3.3 Results from Australia with Rain
0.8

0Days_AUS_Rain_00mm.xls
0Days_AUS_Rain_05mm.xls
0Days_AUS_Rain_10mm.xls
0Days_AUS_Rain_15mm.xls
0Days_AUS_Rain_20mm.xls
0Days_AUS_Rain_25mm.xls
0Days_AUS_Rain_30mm.xls
0Days_AUS_Rain_35mm.xls
Standard.xls

0.7

Degree of hydration [-]

0.6
0.5
0.4
0.3
0.2
0.1
0
0

100

200

300
400
Time [hours]

500

600

Figure 12.13: Degree of hydration at different distances from the concrete cover.
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Figure 12.14: Vcap at different distances from the concrete cover.
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Figure 12.15: Vpor at different distances from the concrete cover.

Figure 12.13 depicts the capillary water over 28 days with rain every 98 hours. By wetting
the cover of the concrete higher degrees of hydration can be obtained. The degree of
hydration is 22% of the standard value at 28 days.
Another interesting phenomenon can be seen at a distance of 20mm or more. The degree
of hydration is higher than the degree of hydration without rain and evaporation,
although the extra hydration is negligible.
Table 12.5: Summarized Results of Australia with Rain after 28 days.

Distance from Edge
0mm
5mm
10mm
15mm
20mm
25mm
30mm
35mm
Standard

Degree of Hydration
0.16
0.54
0.63
0.68
0.72
0.72
0.72
0.72
0.71

3

3

Vpor [cm /cm ]
0.65
0.41
0.38
0.36
0.35
0.35
0.35
0.35
0.35
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12.3.4 Comparison of Dry and Wet Weather in Australia
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Figure 12.16: Comparison between Dry and Wet Weather in Australia.

Figure 12.16 shows the effect of rain in an Australian environment. Only the results of the
first 10mm are shown because there the effect is the biggest. The degree of hydration at
28 days increases about 4 times on the edge, 2.7 times at 5mm and 1.8 times at 15mm.
Also note that the degree of hydration after 28 days of evaporation and rain is still 10%
below the standard value.
Table 12.6: Summarized Results of the Comparison between Dry and Wet Weather in Australia.

Distance from Edge
Degree of Hydration - Dry
0mm
0.03
5mm
0.20
10mm
0.34
Standard (no evaporation and no rain)
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Degree of Hydration - Wet
0.16
0.54
0.63
0.71
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Comparison between The Netherlands and Australia with Rain
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Figure 12.17: Difference in Degree of Hydration between The Netherlands and Australia with Rain.

In Figure 12.17 a comparison between The Netherlands and Australia is made. On the
edge, the concrete from The Netherlands is hydrated 2.7 times as much as the concrete
from Australia.
Table 12.7: Summarized Results of the comparison between The Netherlands and Australia with Rain.

Distance from Edge
Degree of Hydration - NL
0mm
0.42
5mm
0.64
10mm
0.70
Standard (no evaporation and no rain)

Degree of Hydration - AUS
0.16
0.54
0.63
0.71
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12.5

Relevance to Curing Time

In this paragraph the practical relevance with respect to the curing time is analyzed. Five
different simulations have been conducted, for curing periods of 0, 1, 2, 3 and 4 days.
Curing is simulated as a phenomenen that no water will evaporate from the concrete
surface. This curing period can be either the period that the concrete is still confined by
the formwork or the period that the concrete surface is covered or a combination of both.
This delays the moment that evaporation starts and it therefore has a positive effect on
the hydration process and with it the development of material properties at the concrete
surface.
In order to evaluate the significance of this phenomenon regarding the appropriateness of
the development of the material properties, simulations are conducted for the degree of
hydration as a function of curing period. In these simulations, a curing period of 0 hours is
representing the situation for freshly cast concrete floors. For this particular structure, the
top site is not always covered by a water layer after casting. Furthermore the simulations
are conducted for the environment conditions of The Netherlands, not taking rain* into
account.
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Figure 12.18: Effects of 0 and 1 day curing on the degree of hydration for different surface depth.

*
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Rain as described in Chapter 5.
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Figure 12.19 Effects of 0 and 2-day curing on the degree of hydration for different surface depths.
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Figure 12.20 Effects of 0 and 3-day curing on the degree of hydration for different surface depths.
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Figure 12.21: Effects of 0 and 4-day curing on the degree of hydration for different surface depths
Table 12.8: Summarized Results of the Effects of the Curing Time.

Distance from Edge
0mm
5mm
10mm
Standard
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Degree of Hydration for 0 – 1 – 2 – 3 – 4 Days of Curing
0.13
0.3
0.44
0.49
0.54
0.32
0.39
0.48
0.53
0.56
0.43
0.48
0.53
0.56
0.58
0.71
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12.6

Experimental Results

In this paragraph results are shown of specimens hydrated at different relative humidities.
First the procedure that was followed of presented, after which the result will be
displayed and discussed.

12.6.1 Procedure
•
Material
The same material is used as the specimens from the drying experiments described in
Paragraph 8.2.
Table 12.9: Material Composition.

wcr
0.5

Cement CEM I
3
689 kg/m

Water
3
344.5 kg/m

Air
3
10 l/m

Aggregate
3
1130.94 kg/m

Aggregate ratio
0.42677

Table 12.10: Aggregate Fractions.

Fraction
125-250
250-500
500-1
1-2

Percentage
0.21
0.12
0.28
0.39

3

kg/m
237.4974
135.7128
316.6632
441.0666

Cubes have been cast of this mixture with dimensions of 10x10x10cm.

•
Environment during hardening
After casting, the specimens were sealed. Demoulding occurred 24 hours later. All sides
were then sealed again by means of aluminium foil, except for the top side. The specimens
were then placed in an environment of 55%, 80% or 100% relative humidity for two
weeks.
•
Thick sections
After two weeks the specimens were cut in the way depict in Figure 12.22. The wet cutting
was applied and the specimen was dried by blowing immediately after every cutting step.

Figure 12.22: Cutting Steps.
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The remaining part was glued on a help glass. And the opposite side was grinded to
achieve a surface as smooth as possible. The maximum roughness was reduced to 15μm.
The specimen was then impregnated with a fluorescent resin. Another grinding session
reduced the roughness again to 15μm. After cleaning with ethanol an objective glass was
glued on the smooth side.

12.6.2 Results

27mm
3 x 11mm
Figure 12.23: Experimental Results from 100%, 80% and 55% Relative Humidity.

In the figure above three parts are shown. The part on the left is from a mortar specimen
hydrated in an environment of 100% relative humidity. The middle part is from 80% and
the right part is from a mortar specimen hydrated at 55% relative humidity.
Between the aggregates, the paste is visible. In the picture taken from the 100% relative
humidity specimen, the paste is coloured reddish. This indicates a low porosity as the
fluorescent resin from the impregnation, did not penetrate there.
In the middle part, the specimen hydrated at 80% relative humidity, a more porous top
layer can be seen. On the right the effect of a lower relative humidity of 55% is shown.
Important to notice is the fact that the depth of the drying front does not seem to be
larger then 15mm.
The results from the experiments correspond with the simulations done, earlier. The
results from the simulations also show a significantly smaller degree of hydration and also
a larger drying front when comparing the environments of 55% and 80% relative
humidities.
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13 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
13.1

General

In this thesis a first step has been made of a multi scale model to research the effects of
different relative humidities of the environment on the concrete pore structure. In this
chapter a summary is given of the work that was done. Also recommendations for
improvements are discussed.

13.2

Summary

13.2.1 Part I: Literature Study
In the first part existing knowledge was examined and analyzed to scope the research
outlined in this thesis. The topics “Cement Hydration”, “Microstructure Development”,
“Degradation Mechanisms” and “Environmental Conditions” have been worked out.

Cement Hydration
Concrete properties develop as a function of the degree of hydration. During hydration,
chemical reactions of the concrete lead to a change of the pore structure. The key feature
for continued hydration is the presence of unhydated cement and water available for
hydration. If either one is no longer available, the hydration stops. Further development of
the mechanical properties of the concrete therefore comes to an end.
The key parameter for cement hydration is the degree of hydration, which is
approximated by de degree of heat liberation.

Microstructure Development
During the hydration process the hydration products make mutual contacts and build up a
three-dimensional network structure around the still hydrating anhydrous cores. On
macro scale this process is observed as the development of material properties like
strength, hardness, stiffness, porosity and permeability. The rate of intrusion of hazardous
substances is related to the permeability of the concrete.
The pore volume is generally defined as the initial paste volume minus the volume of solid
material. Permeability is dependent on the size and distribution of the porosity. Key
parameters for permeability are connectivity of the pores and tortuosity of the connected
pores.
Two types of transport mechanisms are discussed, being diffusion and saturated flow.
According to Bažant the parameter for the speed of diffusion, the diffusion coefficient,
increases over 1000 times going from a non-saturated to a saturated state.
In this chapter the different states of water are assessed. Chemical bound water is held
the strongest inside the concrete. It therefore evaporates slower then adsorbed water.
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This state of water adheres to the pore wall. Capillary water is free from forces attracting
it to the pore walls. This type of water evaporates the fasted.

Degradation Mechanisms
Two types of degradation mechanisms are discussed: carbonation and chloride attack. The
rate of ingress of both types depends on the permeability of the concrete. The
permeability in its most general way is dependent on the degree of hydration, which
describes the development of mechanical properties of concrete.
Both mechanisms cause corrosion of the rebars because the passivation layer of the
rebars can not be maintained. Carbonation is the reaction of carbon dioxide on the
calcium bearing faces of the concrete. During this reaction the PH of the concrete drops.
During chloride ingress free chloride ions are able to destroy the passivation layer. In a
subsequent reaction hydrochloric acid is formed, lowering the PH.

Environmental Conditions
In this thesis different environmental conditions will be taken into account. The climate in
The Netherlands is relative moist whilst a more dry climate is found in Australia.
The average relative humidity in De Bilt, The Netherlands is 82%, against 63% in Adelaide
in Australia. On average it rains every 68 hours in The Netherlands. In Adelaide it rains less
often, every 98 hours.
At lower relative humidities water evaporation is faster. It is therefore expected that the
Australian environment will have a more severe effect on the concrete hydration process,
then the Dutch environment.
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13.2.2 Part II: Macro Scale
In this part of the thesis the effects of the relative humidity are researched on macro scale
with the goal of creating input for the micro scale simulations. The simulations are run by
MLS, made by FEMMASSE. After some general simulations a parameter search was done
to refine the input parameters.
First a drying experiment was designed and executed which would serve a base for further
simulation fitting. The experiment was carried out on mortar discs with a high degree of
hydration.
After finding the data to which the simulation should be fit, another experiment was
designed to find the so-called desorption curve. This curve relates the amount of water
inside the concrete to the relative humidity its environment. This was a long-term
experiment in which the amount of water was measured at different relative humidities.
In a paper by Bažant an approximation for the diffusion curve was found. This curve
relates the relative humidity inside the concrete to the diffusion coefficient. The diffusion
coefficient in its turn is a parameter for the speed of the moisture transport through the
concrete. A boundary for another input parameter called, the hygral transfer coefficient,
was found in a study by Carmeliet.

Gram of Samples

After finding boundaries for all key parameters, they could be fit to the data from the
drying experiments.
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Figure 13.1: Fitting results.
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Figure 13.2: Used Desorption and Diffusion Curves.
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With the key parameters set, the simulations could be run. The results from these
simulations are in the form of graphs of moisture content, over time at a certain point
with a distance, x, from the edge. The moisture content has been factorized (moisture
content / maximum moisture content). In this way moisture profiles for different relative
humidities have been generated. An example is shown in Figure 13.3. One should note
these results are based upon highly hydrated specimens. This means no water is used for
the hydration process.
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Figure 13.3: Results from the simulations with a Relative Humidity of 50%.
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13.2.3 Part III: Micro Scale
On micro scale the effects of the relative humidity on the hydration process are
researched. To do this, the simulation program HYMOSTRUC, developed by Delft
University of Technology, had to be extended.
Up until now a HYMOSTRUC simulation was an enclosed system, meaning no moisture
transport was allowed in or out the specimen. In this thesis HYMOSTRUC was extended to
cope with moisture loss and gain through the moisture profiles generated on macro scale
by MLS. For every micro scale simulation a matching macro scale moisture curve can be
made.
The evaporation curves generated by MLS only consist of moisture loss due to
evaporation. Therefore HYMOSTRUC has been extended even more to simulate rain.
During a shower it is assumed the concrete cover gets fully saturated. Results from these
extensions are shown in Part IV: Practical Applications.
During this research project HYMOSTRUC is also extended to provide input for a rendering
program called POV-Ray. With this program pictures can be rendered of the
microstructure. Two types of files can be written. The first option is to make an exact
rendering of the 3D-view. The other option is to make the pore structure visible.

Figure 13.4: Example Renderings of the Solids (left) and Pore System (right).
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13.2.4 Part IV: Practical Applications
With the extension, HYMOSTRUC is able to handle moisture transport in and out of the
system. In this chapter some practical applications will be described.
First, the results of the simulation of the Dutch and Australian environment have been
compared. After that, the relevance of demoulding time was assessed. The key parameter
for comparing the effects of the environment on the concrete pore structure is the degree
of hydration. This parameter describes the degree to which the mechanical properties of
the concrete have developed. A higher degree of hydration leads to a decrease of porosity
and therefore most likely a decrease in permeability. The decrease in permeability,
improves the resistance of the concrete to the described degradation mechanisms. The
results of the simulations are summarized in Tables 13.1, 13.2 and 13.3.
Table 13.1: Summarized Results of the Comparison between Dry and Wet Weather in The Netherlands.

Distance from Edge
Degree of Hydration - Dry
0mm
0.13
5mm
0.32
10mm
0.43
Standard (no evaporation and no rain)

Degree of Hydration - Wet
0.42
0.64
0.70
0.71

Table 13.2: Summarized Results of the Comparison between Dry and Wet Weather in Australia.

Distance from Edge
Degree of Hydration - Dry
0mm
0.03
5mm
0.20
10mm
0.34
Standard (no evaporation and no rain)

Degree of Hydration - Wet
0.16
0.54
0.63
0.71

Table 13.3: Summarized Results of the Effects of the Demoulding Time for the Dutch Environment.

Distance from Edge
Degree of Hydration for 0 – 1 – 2 – 3 – 4 Days of Curing
0mm
0.13
0.3
0.44
0.49
5mm
0.32
0.39
0.48
0.53
10mm
0.43
0.48
0.53
0.56
Standard (no evaporation and no rain)

86

0.54
0.56
0.58
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In an attempt to verify the model another set of experiments was designed and executed.
The results of these experiments show the difference between the porosity of the
concrete cover at different relative humidities of the environment.

27mm
3 x 11mm
Figure 13.5: Experimental Results from 100%, 80% and 55% Relative Humidity.

In the figure above three parts are shown. The part on the left is from a mortar specimen
hydrated in an environment of 100% relative humidity. The middle part is from 80% and
the right part is from a mortar specimen hydrated at 55% relative humidity.
Between the aggregates, the paste is visible. In the picture taken from the 100% relative
humidity specimen, the paste is coloured reddish. This indicates a low porosity as the
fluorescent resin from the impregnation, did not penetrate there.
In the middle part, the specimen hydrated at 80% relative humidity, a more porous top
layer can be seen. On the right the effect of a lower relative humidity of 55% is shown.
Important to notice is the fact that the depth of the drying front does not seem to be
larger than 15mm.
The results from the experiments correspond with the simulations done, earlier. When the
environments of 55% and 80% relative humidities are compared:
A higer degree of hydration is achieved at higher relative humidities.
The depth of the drying front is also reduced at higher relative humidities.
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13.3

Conclusions

The model presented in this thesis has a single-sided information exchange from the
macro scale model to the micro scale model as shown in Figure 13.6.

Figure 13.6: Semi-Coupled Model as Presented in this Thesis

The output of a simulation on macro scale depends on the relative humidity of the
environment. It generates evaporation files for different distances from the cover. For
every micro scale simulation one of these evaporation files is needed.
For example, if the influence of a certain relative humidity is to be assessed the following
steps should be taken:
Run macro scale simulation with the specified relative humidity of the environment.
Generate evaporation files for different distances from the concrete cover.
Run the micro scale simulations associating with the number of moisture profiles.
The results of the micro scale simulations show the microstructure development at the
different distances from the concrete cover.
With this model the effects of the relative humidity of the environment on the hydration
process can be assessed. However there are ways to improve the model which are
described in the following paragraph.
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13.4

Recommendations

There are two types of recommendation that will be shown in this paragraph:
Recommendations to improve the model.
Recommendations to improve the input for the model.

13.4.1 Coupling between Micro and Macro scale
What is lacking in this model is a full interaction between the effect of the moisture
change induced by evaporation and the effect on the relative humidity in the
microstructural development. In order achieve this full coupeling between the macro and
the micro model, the model should be extended to a fully coupled system in which there is
an exchange of information in every time step between the macro and the micro model as
shown in Figure 13.7. For every time step the speed of evaporation could be calculated by
using information about the development of the microstructure from the micro scale
simulations.

Figure 13.7: Fully Coupled Model.

The steps taken in this model are as followed:
For every time step and distance from the concrete cover, the evaporated water is
calculated.
This information is the input for the micro scale simulation.
The output of the micro scale simulation consists of how much hydration has taken
place in a certain distance from the concrete cover.
As the different degrees of hydration over the cross section are known, also the
different parameters like porosity and permeability are known. This allows the
macro scale simulation to make the next time step. More experimental data has to
be gathered for this as described in the next paragraph.
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13.4.2 Experiments
A fully-coupled model needs more input parameters than the semi-coupled model.
Therefore more experiments have to be carried out.

Input Parameters for MLS as a Function of the Degree of Hydration
In the semi-coupled model as presented in the thesis the input parameters for MLS are
not a function of the degree of hydration. In the fully-coupled model the transfer
coefficient, the desorption curve and diffusion curve should be a function of the degree of
hydration. MLS already provides the ability to input these parameters as a function of the
degree of hydration.
One of the difficulties that will have to be overcome is the fact that the specimens will
hydrate during the experiments. As the rate of hydration is higher at lower degrees of
hydration, this problem is less severe at higher degrees of hydration.

Fitting Data as a Function of the Degree of Hydration
The drying experiments as described in Paragraph 8.2 should also be preformed at
different degrees of hydration and at different relative humidities. These experiments
provide better data to fit the fully-coupled model to.
Material: Mortar versus Concrete
In this thesis all experiments and simulation are based on mortar specimens. Mortar
specimens take the interfacial transition zone (ITZ) into account and the specimens can be
kept relatively small. The ITZ is thought to be important for moisture transport as this zone
is often more porous and permeable than the bulk paste. The size of the specimens is to
be kept as small as possible because of the duration of the experiments should be kept as
short as possible. This ensures a minimum hydration during the experiment itself.
The influence from the larger aggregates in concrete is not taken into account. More
research should be done to verify the effects from the material change from mortar to
concrete.
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15 APPENDICES
15.1

Contents of the appendices on the CD-ROM

Table 15.1: Contents of CD-ROM

Directory / File
\
Read me First!.pdf
Thesis.pdf
Poster.pdf

Root of the CD-ROM
This Chapter
The thesis
Invitation to defence

\Microscopy\

Images from microscopy

\Renderings\

Containing renderings from HYMOSTRUC

\Renderings\Environments\
\Renderings\Environments\Australia\
\Renderings\Environments\The Netherlands\

Simulations of environments in:
Australia
The Netherlands

\Renderings\Normal 28 Day Simulation\
\Renderings\Normal 28 Day Simulation\Movies\
\Renderings\Normal 28 Day Simulation\Originals\

General renderings and movies
Rendered movies
Original images for the movies

\Simulation Results\
GLOBAL.xls

Results from the simulations
Starting point for visualisation of the results

15.2

Special instructions for viewing the results of the simulations

For viewing the results of the simulations the excel file GLOBAL.xls should be opened.
GLOBAL.xls uses the other excel files which are present in the same folder and
automatically closes all other excel files!
On opening one should allow the macro to be run. After this a user interface will present
itself. Check which simulations should be compared over which parameters. The macro
will continue opening the files which are needed for the visualisation. After the graph is
build one should press “Quit”. The graph can now be used and altered.
The macro is optimized for the comparison of 12 lines or less!
For a new comparison the file “GLOBAL.xls” should be opened again. This causes the graph
to be cleared.
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