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LIST OF NOTATIONS

In the text, the following notations are used:

CBL Cement and Concrete Laboratory

CZE Technical University of Prague

LBM Building Materials Laboratory

Usa University of Michigan

CAL Low temperature microcalorimetry

COOL CAL during cooling :

CPSD Cumulative pore size distribution

cup Inverted Cup Method

HCP Hardened cement paste

HEAT . CAL during heating

H20-SORP Wateradsorption '

Kcc Kelvin Capillary Condensation Analysis

MIP Mercury intrusion porosimetry

NMR Nuclear Magnetic Resonance

N2-SORP Nitrogenadsorption

REM Radioactive Emanation

SANS Small-Angle Neutron Scattering

SAXS Small-Angle X-ray Scattering

BILAG3 .Grounded ROC ("Bilag 3 cement")

BLC Fillercement ("Blokcement")

HOC White cement

OPC Ordinary Portlandcement

PFC Portland flyash cement

P30-4A Offshore-cement /Norway

ROC Rapid hardening cement

SAC Low alkali, sulfate resistant cement

HC Hydroxycarboxylate-based plasticizer

LS Lignosulphonate-based plasticizer

M Sulphonated melamine formaldehyde-based superplasticizer

N Sulphonated naphtalene formaldehyde-based superplasticizer

a Constant (kg/s) used in CUP

A Area (m?)

Cpa Apparent heat capacity (3K l-ggoq 1)

D Coefficient of diffusion (m?/s)

E; Calorimetric output signal (V)

Fo Fourier number

kq (h) Water vapour diffusion coefficient calculated from CUP
when p/pp= h % in the evaporation front (kg-Pa ! -m1-s°!)

K(h) Water permeability coefficient from CUP when p/py= h %
in the evaporation front (kg-Pa ! -m1l.s°1)

L Length or thickness (m)

MT Monolayer thickness (&)

P Pressure (psi), used in MIP

P/Po Relative vapour pressure

P1 /P2 Water vapour pressures (Pa) used in CUP

a Flux (kg-m2-s-!) used in CUP
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Kelvin radius (&)
Pore radius (&)

Mean value (A) of two pore radii in a temperature interval

Specific BET-surface area (m?/gy.,)

Calorimeter sensitivity (pV/mW)

Adsorbed layer at surfaces, t-layer (&)

Non-frozen layer (&) at surfaces

Temperature (°C)

Specific volume (cmd/gy,,)

Specific volume (by MIP) of pores larger than 30 A
Specific volume (by N2-SORP) of pores smaller than 30 A
Monolayer capacity (9/94ry)

Amount. of water adsorbed. (9/9y.,)

Residual water content of specimen after drying at 50 °C
and relative humidity of 11 % for 3 days (9/94ry)
Mean value of evaporable water content (kg/kgdry)
Total evaporable water content (g/gy.,)

Frozen water content (g/g94.,)

Non—-evaporable water conten{ (9/9ign)

Non-frozen water content (g/gy.,) :

Mass of water (kg) in the region of capillary suction
Mass of water (kg) in the region of vapour diffusion
Weight of specimen (kg) when the cup has been dismantled
Weight of specimen (kg) upon drying at 105 °C (CUP)
Saturated, surface-dry weight (gg4)

Weight of saturated specimen (kg), submerged in water
Total mass of water (kg) in specimen used in CUP
Water-cement-ratio by weight

Water-powder-ratio by weight

Molar heat of fusion (J/mole)

Difference in hydrualic pressure (Pa) used in CUP
Change in pore. surface area gmz/gdry)

Change in non-frozen layer (A)

Change in amount of frozen water (g/gy.,)

Change in amount of frozen capillary condensed water
(9/94ry) .

Change in pore volume (g/gy.,)

Change in amount of non-frozen water (g/9y.,)
Porosity (% by volume)

Cumulative pore surface area (m?/gy,,)

Cumulative pore volume (cmd/gy,,)

Dry density (kgy,,/m3)

Solid density (g/cmd)

Saturated, surface-dry density (g/cm3)

Estimated saturated, surface-dry density (g/cmd)
Density of water (g/cm3)

Surface tension (N/m)

Time (s)

Contact angle used in MIP

Molar volume (m3 /mole)

Dried/resaturated specimen
Virgin specimen
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ADDENDUM

After printing the present report it was found necessary to add this
Addendum.

In connection with the calculation of the pore size distribution curves
from nitrogen sorption analysis (figures 4.2.6A-D) it is seen that the
capillary pore volume (V,;) at lowest pore radius is larger than the
total adsorbed volume of liquid nitrogen (V,,s) from the volume-thick-
ness (V-t) plots (figures 5.1.3.1A-D). From table A (column 2 and 3)
it is seen that Vg, > V,s for the 4 different cement paste systems in
question. This is not permissible.

Especially for the system "HOC/0/0.4 virgin" we have: :
- Vp in figure 4.2.6A = 0.152 cm®/g (at rpye = 9 A ~ p/po = 0.08).
- V,pc in figure 5.1.3.1A = 0.116 cm’/g (at t = 21.3 A ~ p/p, = 0.96) .

The calculations, which are the basis for the nitrogen sorption curves
in figures 4.2.6A-D have been made from the test reports as shown in
Appendix G p. 264.

The numerical size of V., is of course depending on how far down the
calculation is continued (for "HOC/0/0.4 virgin"™ down to p/py = 0.08).
In reality and according to the V-t-analysis (figure 5.1.3.2) the
calculation of the pore size distribution from nitrogen sorption based
on Kelvin Capillary Condensation Analysis could only be applied in the
pore size range (~ p/p, range) where capillary condensation takes
place.

This means that for "HOC/0/0.4 virgin" the calculation could only take
place in the p/p, range where capillary condensation takes place accor-—
ding to the appropriate V-t-plot (shown in figure 5.1.3.1A); this means
from saturation (p/p, = 1.00) down to p/p, = 0.58 (~ 2 = 9 A, read from
figure 5.1.3.14).

This means that a more correct estimate of the capillary pore volume
iS Ve = 0.115 cm?/g read from figure 4.2.6A for Iy, = Fpore = 27 A (-
p/po = 0.58).

In table A the above mentioned calculation for “HOC/0/0.4 virgin" is
shown along with similar calculations for the 3 other systems.

1 2 3 4 5 6
Veae (p/Pa) Vaos (p/Pa) 2 (p/po) Brore (p/p0) Veae (B/Po)
SYSTEM - cm’/g cm®/g A cm’/g
HOC/0/0.4 virgin 0.152(0.08) 0.116(0.96) g9 (0.58) 27 (0.58) 0.115(0.58)
HOC/0/0.4 D/R 0.144(0.04) 0.101(0.96) 9 (0.58) 27 (0.58) 0.108(0.58)
HOC/0/0.6 virgin 0.231(0.08) 0.177(0.97) 9 (0.58) 27 (0.58) 0.177(0.58)
HOC/0/0.6 D/R 0.220(0.08) 0.170(0.97) 7.5(0.40) 18 (0.40) 0.209(0.40)

Table A

It is seen that if a more correct (according to the V-t-analysis)
estimation of V., (shown as column 6) is applied, then a better cor-
respondance between Vs and V., (column 3 and 6) is observed. However
the system "HOC/0/0.6 D/R" makes an unexplainable exception.
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ABSTRACT

The report presented here deals with the pore structure of cement based
materials, mainly hardened cement paste and mortar.

Two main investigations were carried out:

1) Pore structure stability upon drying/resaturation
2) Correlation between pore structure and water permeability

The following techniques have been used for the identification of pore
structure:

- Ice formation by Low Temperature Microcalorimetry
Mercury Intrusion Porosimetry

Nitrogen Adsorption

Water Adsorption

Initially, these techniques were compared using very mature, room tem-
perature and water cured 0.4 and 0.6 water-cement-ratio pastes. Before
analysis, specimens for mercury intrusion porosimetry and nitrogen ad-
sorption were CO, -free dried from both water-saturated and methanol-
saturated states.

It was generally found that relative poor agreement existed between
different techniques. In respect to cumulative pore size distributions
the difference between nitrogen adsorption analysis and mercury intru-
sion porosimetry was found to be affected mainly by the choice of dry—
ing technique and the contact angle used for mercury intrusion porosi-
metry.

For specimens of comparable moisture history, pore size distribution
calculated from low. temperature microcalorimetry is comparable to pore
size distributions optained from mercury intrusion porosimetry or ni-
trogen sorption analysis.

Furthermore, inter-laboratory calibration of ice formation by low tem-
perature microcalorimetry showed good correspondance.

A systematic preliminary survey of the pore structure stability of room
temperature and water cured cement pastes upon drying/resaturation was
carried out for 8 commercially available cements, including the range
of cements manufactured by Aalborg Portland A/S and a Norwegian off-
shore cement. Effects of water—cement—ratlo, plasticizer and superplas-
ticizer were investigated.

This survey revealed that especially Portland flyash cement has a stab-
le microstructure upon drying/resaturation.-

Additionally, a systematic survey was carried out on cementmortar, in
order to correlate pore structure and water transport characteristics
using inverted cup method. Effects of drying/resaturation, water-
cement-ratio, workability, plasticizer, superplasticizer and type of
cement were investigated.



It was found that Portland flyash cement mortar showed a higher degree
of pore structure stability and a smaller increase in water permeabili-
ty upon drying/resaturation compared to mortars made from Rapid harde-
ning cement and Low alkali sulphate resistant cement.



RESUME

Denne rapport omhandler porestrukturen af cementbaserede materialer,
iszr hazrdnet cementpasta og cementmertel.

Der er udfert to hovedforsegsserier:

1) Porestruktur-stabilitet overfor udterring/genmztning
2) Sammenhzng mellem porestruktur og vandpermeabilitet

Til identifikation af porestrukturen er der benyttet fglgende metoder:

Isdannelse ved lavtemperatur mikrokalorimetri
- Kvikselvporgsimetri

- Nitrogenadsorption

- Vandadsorption

Indledningsvis blev disse metoder afprevet og sammenlignet ved hjzlp
af velhydratiserede, stuetemperatur- og vand-lagrede cementpastaprever
med vand-cement-tal pid 0.4 og 0.6. For analyse blev emnerne til kvik-
sglvporesimetri og nitrogenadsorption udterret. Denne terring foregik
ved CO,-fri terring fra bédde vand- og methanolmzttet tilstand.

Generelt viste de forskellige metoder en relativ ddrlig overensstemmel-
se. Med hensyn til den akkumulative poresterrelsesfordeling kan man
konstatere, at forskellen mellem nitrogenadsorption og kvikselvporegsi-
metri iszr afhznger af den anvendte terringsmetode og. den kontaktvin-
kel, der er valgt ved kvikselvporgsimetri.

For emner med sammenlignelig fugthistorie er poresterrelsesfordelingen
beregnet udfra lavtemperatur mikrokalorimetri sammenlignelig med pore-
sterrelsesfordelinger opndet ved hjzlp af kvikselvporgsimetri eller
nitrogenadsorption.

Sammenlignende forseg mellem to laboratorier af isdannelsen ved lav-
temperatur mikrokalorimetri viste god overensstemmelse.

En indledende systematisk undersegelse af porestruktur-stabiliteten

af stuetemperatur- og vand-lagrede cementpastaer overfor udterring/
genmztning blev udfert for 8 kommercielle cementtyper, heriblandt samt-
lige cementer fra Aalborg Portland A/S og en norsk off-shore cement.
Indflydelse af vand-cement-tal, plastificeringsstoffer og superplasti-
ficeringsstoffer blev undersegt.

Denne underse¢gelse viste, at isar Portland flyveaske cement havde en
stabil mikrostruktur overfor udte¢rring/genmztning.

Endvidere blev der udfert en systematisk undersegelse af cementmertler
for at sammenholde porestrukturen med vandtransport-karakterlst1ka
milt med omvendt-kop metoden. Indflydelse fra udterring/genmztning,
vand-cement-tal, bearbejdelighed, plastificeringsstoffer, superplasti-
ficeringsstoffer og cementtype blev undersggt.

Denne undersggelse viste, at isazr Portland flyveaske cementmegrtel ud-



viste en hejere grad af porestruktur-stabilitet og en mindre stigning
i vandpermeabilitet ved udterring/genmeztning sammenlignet med megrtler
af Rapid og Lav alkali sulfatbestandig cement.



INTRODUCTION

Cement based materials like concrete and mortar are widely used in the
building industri today. For more specific applications, also CembritR
and DensitR are used.

Because of the extensive use of especially concrete, society must de-
mand longterm durability of the constructions, in which concrete is
used. This urges for fundamental research in order to understand the
practical behavior of cement based materials, especially concrete.

All cement based materials are porous, i.e. they contain pores of dif-
ferent sizes and shapes. The simplest cement based material consists
of cement and water. When cement and water are mixed the subsequent
material is called hardened cement paste (HCP). Appropriate aggregates
(i.e. sand, stone, microsilica, fibers etc.) are normally added in or-
der to gain specific properties, mostly regarding strength and stiff-
ness. These aggregates will be glued together by HCP.

Initially, HCP is a solution of cementparticles in water. As the chemi-
cal reaction - the socalled hydration proces - between cement and water
proceeds, the solution gradually stiffen and transformes into a solu-
tion filled porous material. This stiffening is caused by the formation
of hydration products (the socalled cement gel) growing into the solu-
tion filled pores of the porous material, thus dividing these pores
(socalled capillary pores) into smaller ones as hydration proceeds.

The cement gel consists of hydrated cement (mainly calcium silicate
hydrates and calcium hydroxide) in its densest state and include the
socalled gel pores, located between the solid gel particles. Normally,
it is assumed that the size of the gel pores are in the range of ap-
proximately 0.5 to 2 nm (10-° m), while capillary pores are in the
size range of approximately 2 nm to 5 pm (10-% m). For comparison, the
size of a water molecule is around 0.3 nm and the size of an unhydra-
ted cement grain is around 10 um.

In this project, the pore structure refers only to gel pores and capil-
lary pores and does not include air pores or other larger voids in the
material. The general pore structure model outlined by Powers and
Brownyard /48/ is assumed to give a full description.

Knowledge of pore structure of a porous material is of great importan-
ce as a key for understanding the practical behavior of the material.

It is well known, that there is a link between pore structure parame-

ters (porosity, pore shape, pore size distribution) and the mechanical
and physical behavior of the material.

The term “true pore structure" of HCP should be used only to describe
the state of a pore stucture left undisturbed. Consequently, true pore
structure is the pore structure of a saturated virgin (never allowed
to dry) cement paste. In practice, true pore structure is almost never
encountered, since the cement based material (for instance concrete) is
~allowed to dry and is generally susceptible to many kinds of environ-
mental influences.
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However, the term true pore structure of HCP is of value, since it de-
signates a kind of "basic pore structure", which enable us to see the
pore structure potential of an actual cement paste cured in optimal
conditions in a controlled environment. This possibility is very impor-
tant, since it provides us with information of the potential material
behavior. :

When comparing pore structure and material behavior it is off course
essential that the measured pore structure will be the one of interest
for the researcher, namely; the pore structure that the cement based
material originally is having, when its physical or mechanical behavior
is being measured.

Accordingly, this "original pore structure" seems to be well-defined
on the theoretical level.

However, when it comes to the practical measurement of this original
pore structure some obstacles are encountered which, especially for the
structurally unstable cement based materials, have an deterioating ef-
fect on the original pore structure of interest. Consequently, it is
very important to distinguish between the original and the measured po-
re structure.

Hence, the measured pore structure may give a complete erroneous pictu-
re of the original pore structure of interest. Furthermore, if the mea-
sured pore structure then is compared to material behavior and if a
correlation between the two is established, this correlation may also
be quite erroneous due to the fact that the measured pore structure
does not represent the original pore structure.

Some main factors are influencing the measured pore structure. The ori-
ginal pore structure could be altered more or less significantly mainly
by the preparation technique (mostly: complete drying), since cement
based materials are structurally unstable towards drying /8,9,10/.

The methods of pore structure characterization itself may also effect
the measured pore structure, since these methods are indirect, which
implies that they are based on physical relationsships and geometrical
models that simplifies the complexity of HCP pore structure.

Hence, a great diversity exists between the original and the measured
pore structure unless the preparation (drying) of the material is omit-
ted or at least performed in a way less damaging for the original pore
structure.

A further complication is that different pore structure characteriza-
tion techniques are known to produce different results for the same
material.

In order to be able to understand the complicated correlation between

pore structure and material behavior Bager /49/ concluded in 1983 that
there is a urgent need for research work leading to a) the correlation
of different methods for pore structure characterization, b) establish-
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ment of standards for treatment and conditioning (comparable to the na-
tural weathering of the material) of the material before investlgation
and c¢) establishment of a method for drying the materials in such a way
that it does not mask or remove the effects optained in b).

The present project deals with a) and, to a certain extent, b). Fur-
thermore, some examples of the relation between pore structure parame-
ters and the physical behavior of the material are investigated.

The general idea is to take the first basic steps towards correlating
pore structure and material behavior. These initial steps involve what
the author finds to be the first major obstacle to overcome before any
structure/behavior-correlation can take place, namely the correlation
between different methods of pore structure characterization.

Bager /49/ found that these preliminary investigations were necessary
in order to increase the knowledge of pore structure of hardened ce-
ment paste and other cement based materials, and thereby increase the
knowledge of the correlation between the relevant pore structure (gel
pores and capillary pores) and the physical and mechanical behav1or of
a cement based material.

The scientific basis for the innovation of this project were laid down
by Sellevold, Fontenay and Bager /8,18,19,44,45/. These researchers
made the first attempts to describe the fundamentals of HCP pore struc-
ture using the low temperature microcalorimetry technique.

Furthermore, these researchers mainly concentrated their efforts on the
systematic mapping of ice formation (pore structure) response resulting
from variations of different parameters (water/cement-ratio, degree of
hydration, steam curing, moisture content, drying, microsilica).

Fontenay and Sellevold-/44/.started the first investigations of ice
formation measurement: in HCP using the low temperature microcalorime-
ter. Initially, these investigations focussed on the instrumental side.
Subsequently, as a routine test procedure was established, a systematic
investigation was performed on virgin cured (never allowed to dry) wa-
tersaturated HCP. Pastes of different water/cement-ratios and different
degrees of hydration were investigated.

Bager and Sellevold /45/ studied the influence on ice formation from
steam curing of pastes having different water/cement-ratios. Before
measurement these pastes were brought to equilibrium at different le-
vels of moisture contents.

Sellevold and Bager /19/ also demonstrated that low temperature micro-
calorimetry could be used for pore structure analysis.

Bager /8/ studied the ice formation in mature room temperature cured
HCP at different moisture levels. Furthermore, the effect of drying
and resaturation (either slow or rapid) on the ice formation in mature
room temperature cured HCP was investigated.

Sellevold and co-workers /58/ studied the ice formation in both vifgin
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and dried/resaturated pastes containing different dosages of microsili-
ca.

villadsen /16/ studied the ice formation in both virgin and dried/re-
saturated pastes with or without microsilica and cured at different
levels of temperature.

The new aspects of this project compared to the investigations of Sel-
levold, Fontenay and Bager are that - for the first time - a systema-
tic research project will focus on the influence of different cement
types on the pore structure of HCP by low temperature microcalorimetry.
Furthermore, it is also a new approach in this prOJect that low tempe-
rature microcalorimetry - in a systematic way - is being compared to
other methods of- pore. structure characterization. On the basis of the-
se results low temperature microcalorimetry will be used to compare
pore structure and permeability.

In this project, low temperature mlcrocalorlmetry will be used in two

ways. In the qualitative use of the method the ice formation and the

ice formation pattern of different cement pastes will be compared rela-
tlvely to each other. In the quantltatlve use of the method (only used
in connection with the comparison with other methods of pore structure
characterlzatlon) ice formation data will be transformed into a cumula-
tive pore size distribution curve using a specific calculation techni-

que.

Low temperature microcalorimetry seems to be an unique method for esti-
mating the pore structure of HCP, since analy51s can take place using
water saturated virgin specimens. This is in contrast to the other me-
thods currently used (mercury intrusion porosimetry, nitrogen- and wa-
ter-sorption). These methods require drying of the material before ana-
lysis. This drying will - as mentioned before - cause distortion of the
pore structure and the result of the analysis may therefore show a pore
structure completely different from the pore structure of interest.

The long term commercial aspect of the project is to be able to design
cements having special performances with regard to physical and mecha-
nical behavior of the cement based material as for instance low water
permeability or low shrinkage upon drying. This could be done when the
correlation between pore structure and permeability or between pore
structure and shrinkage has been established.
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1. Status and experimental series

The full descrlptlon of this industrial research education programme
is outlined in detail in the Education Plan (Appendix A, in Danish)

by the present author and by the representatives of CBL, Aalborg Port-
land A/S, and LBM at The Technical University of Denmark (Dirch H.
Bager and Kurt K. Hansen, respectively).

This project had the following main context:

(1) Testing and cocalibration of different methods for pore
structure characterization in hardened cement paste (HCP)
and cementbased materials. The methods are:

- Ice formation by Low temperature Microcalorimetry (CAL)
- Mercury Intrusion Porosimetry (MIP)
- N, - and H,O-adsorption (N2-SORP and H20-SORP)

(ii) 1Investigation on the influence of drying on the pore
structure.

(iii) Comparison between pore structure and some physical/mecha-
nical proporties (mainly permeability) of the material.

When comparing the goals of the Education Plan to the actual context
of the prOJect it is observed that some parts of the Education Plan
were not carried out.

In the following a brief status of each of the phases described in the
Education Plan (section 10: "Projektets faser") will be given.

Phase 1: "Measurement of pore. structure - different techniques"
This phase was planned to include the following techniques

- ice formation by Low Temperature Microcalorimetry (CAL)
- ice formation by Nuclear Magnetic Resonance (NMR)

- Small-Angle Neutron Scattering (SANS)

- Small-Angle X-ray Diffraction (SAXS)

- Radioactive Emanation (REM)

- Mercury Intrusion Porosimetry (MIP)

- Water Adsorption (H20-SORP)

- Nitrogen Adsorption (N2-SORP)

~ Scanning Electron Microscopy (SEM)

From these techniques, only CAL, MIP, N2-SORP and H2-SORP have been
used in the project.

REM was given up at an early stage, since this technique is limited

to the very early ages of the hardening paste. This project deals
with mature hardened cement paste.

Neither CBL nor LBM had any equipment for NMR, SANS and SAXS. Accor-
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dingly, different institutions in Europe and USA were contacted in
order to perform the needed experiments. Due to local closedown of
activities and lack of response it was not possible, within this
project, to perform any experiments using these three techniques.
However, at the end of this project, contacts were finally made at
Risp National Laboratory, Denmark and the Norwegian Building Research
Institute (NBI), Norway for SANS and NMR, respectively. For NMR,
samples were send, but results are not received at the present moment.

It was decided by the author not to introduce further techniques
(thus excluding SEM, even though it is available at CBL). Instead,
it was considered best to use more time on the three main techniques
mentioned above, namely CAL, MIP and N2-SORP.

Hence, the main techniques used were: CAL, N2-SORP and MIP. Much ti-
me was used with these techniques. In this project, instruments for
both CAL and N2-SORP were installed and calibrated at CBL, and Testing
Manuals were made (Appendices B,C,D,F).

The installation and calibration of the CAL-instrument was a part

of the Education Plan. At LBM, some time was spend on renovation of
the MIP-instrument. At the same time, laboratory personel at both

LBM and CBL was instructed in the use of the three techniques.
Accordingly, a large part of the test data presented here have been
generated by laboratory personel under guidance of this author.

Cocalibration of the three main techniques: CAL, N2-SORP and MIP
was carried out using 8 years old,; room temperature cured, 0.4 and
0.6 water-cement-ratio (W/C) cement pastes made from Danish white
cement.

For CAL, the equipment at CBL was compared with similar equipment

at LBM. For MIP, the equipment at LBM was compared with equipment

at The University of Michigan (USA). For MIP, samples were also

send to The Technical University of Prague (CZE), but comparable re-
sults are not received at the present moment.

Phase 2: "Special investigations"
This phase was planned to include

— Methods of conditioning (for achievement of the pore
structure of HCP in (concrete) practice)
- Drying methods
- D-drying (drying above dry ice)
- P-drying (drying above magnesium perchlorate)
- Methanol-replacement
- Acetone-drying
CO, -free drying

Only one attempt was made to estimate how virgin cured cement paste
shall be treated in the laboratory, before it can be considered to

be representative of cement paste in (concrete) practice.

This consisted in drying the saturated specimen at 50 °C and at 11
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% r.h. for 3 days before resaturation. This has earlier been used
by this author /16/ and was known to produce substantial changes in
pore structure measured by CAL.

only two methods were used in this project to dry samples before
measurements (MIP, N2-SORP and H20-SORP). They were: CO,-free drying
and methanol-replacement. Some time was used to design and construct
the experimental setup for D-drying, but no experimental data were
optained using this method of drying. P-drying and acetone-drying
were not dealt with at all. Consequently, the main drying method
used were CO, -free drying. For comparison methanol-replacement was
also introduced for some experimental series.

Phase 3: "Pore structure design"
This phase was planned to include

- An attempt to control pore structure and thereby gain
special proporties concerning shrinkage, permeability
and creep. Different cements and different chemical and
mineralogical additives are to be used.

Initially, a survey of the pore structure characteristics of cement
pastes made from different (commercially available) cements and

(for some cements only) using different water-reducers, was carried
out at both CBL (CAL and N2-SORP) and at LBM (CAL and MIP).

The range of cements manufactured by Aalborg Portland A/S were in-
vestigated. Furthermore, a Norwegian off-shore cement was investiga-
ted. ‘

In this preliminary survey,. the effect of drying on pore structure
was investigated for the different HCP-blends mentioned above.

Due to lack of time no investigations took place in order to corre-
late pore structure and creep.
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1.1 Experimental series

The present work has involved a number of individual investigations,
each ‘having a specific purpose. These are described in the follo-
wing.

1.1.1 Drying methods

Numerous studies (/1,2,3,4,5,6,7/) have shown that the method by
which the evaporable water is removed from HCP has a significant ef-
fect on pore structure parameters derived from test methods where
such a preliminary drying is necessary before the method can be ap-
plied. This is the case for MIP, N2-SORP and H20-SORP.

In this serie the following drying methods are compared:

- CO, -free drying (described in section 2.3.1)
- Methanol-replacement (described in section 2.3.2)

The comparison consisted in the estimation of total evaporable wa-
ter content and pore structure characterization by N2-SORP and MIP
on identical specimens using the two drying methods.

1.1.2 Pore structure characterization methods
The purpose of this serie was to compare the following methods:

- Low temperature Microcalorimetry (CAL)
- Mercury Intrusion Porosimetry (MIP)

- Nitrogenadsorption (N2-SORP)

- Wateradsorption. (H20-SORP)

CAL was performed at CBL and LBM.

MIP was performed at LBM and at the University of Michigan (UsA).
N2-SORP was performed at CBL.

H20-SORP was performed at CBL.

1.1.3 Pore structure stability (CBL-serie)

It is a well known fact that the hydrates in HCP are structurally
unstable. Upon first drying (desorption) from the water saturated
state large shrinkage is often seen.

Generally, it is accepted, that drying shrinkage is due to break-
down of the pore structure on the microstructural level, upon dry-
ing from the water saturated state.

This breakdown of very small pores, thus creating larger and more
continuous pores (/8,9,10/), is normally accompanied by a decrease
in specific BET-surface. Feldman and Swenson /11/ found, that a lar-
ge BET-surface (by nitrogen) indicated a large drying shrinkage.

A possible explanation for this breakdown is shown schematically in
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figure 1.1.3.1.

The purpose of this serie was to find a HCP-blend that showed a re-
latively high degree of pore structure stability towards a drying/
resaturation treatment (as described in section 2.3.3).

For this reason, both virgin (never allowed to dry) and dried/re--
saturated specimens of the same HCP-blend were tested by the me-
thods of CAL, MIP and N2-SORP. For MIP and N2-SORP the drying of
the specimens before analysis could in fact mask the effects of the
drying/resaturation treatment.

1.1.4 Pore structure stability (IL.BM-serie)

For practical reasons the author was not able to be engaged in pro-
longed experimental work at LBM. Instead, it was decided to carry
out the needed experimental series as part of the work required for
M.Sc.-students.

The purpose of this serie was the same as described in section ,
1.1.3. Furthermore, the influence of plasticizers and superplasti-
cizers on pore structure, were investigated.

Pore structure was characterized by CAL and drying test were per-
formed in order to calculate relative water vapour diffusion coef-
ficients.

The results from this serie were previously reported by Holland
/12/. This main part of this serie was carried out under guidance
of the present author as a part of this project. At LBM, Kurt K.
Hansen had the formal responsibility, and some of the experimental
work was carried out under his guidance.

1.1.5 Additional investigations (LBM)

In connection with this project, and especially in connection with
the activities described in section 1.1.4, additional investigations
took place at LBM.

These investigations were partly supervised by the present author,
and the practical studies were performed by M.Sc.-students at LBM.
The results from the investigations have previously been reported
by Holland /12/ and by Rosenbom and Waldstrem /13/.

Holland investigated the permeability of cementmortars using CUP
(see section 3.7).

Rosenbom and Waldstrem also investigated the permeability of cement
mortars using CUP. Furthermore, the pore structure of some of the
mortars were characterized by CAL.

The main purpose was to get further information of pore structure
in cementbased materials. Special interest was taken into the pore
structure and the permeability of cementmortars as compared to HCP.
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It is well known, that HCP in mortar has a pore structure different
from that of plain cement paste, mainly due to the contact zone be-
tween cement paste and aggregate.

Sellevold and Bager /14/ found that the primary ice formation by CAL
of mortars was greater than that of plain cement paste. This was be-
lieved to be caused by the existence of larger pores in the cement-
paste/aggregate-interface.

Winslow and Liu /15/ found that cement paste in concrete was more
porous than in plain, i.e. without aggregate, cement paste.
Furthermore, they found that the pore structure in mortar were much
closer to that of concrete than to the structure of plain cement

paste.
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2. Materials and sample preparation

In this chapter the applied materials and the experimental procedures
involved for the different series are described along with details on
the sample preparation for different methods of pore structure charac-
terization.

2.1 Materials

2.1.1 Cements

The following types of cement have been used in the project:

Description: Type: Abbreviation:

Aalborg Portland:

Portland flyash cement PFC(A/MS/MA/G)* PFC
Rapid hardening cement PC(R/IS/MA/G)* ROC
Sulfate resistent cement PC(A/HS/EA/G)* SAC
White cement PC(R/HS/EA/W)* HOC
Fillercement ("Blokcement") DPC(D/IS/HA/G)* BLC
Ordinary Portlandcement PC(A/IS/MA/G)” OPC
Grinded ROC ("Bilag 3 cement") PC(E/IS/MA/G)” BILAG3

*According to /41/

Norway:
Offshore-cement P30-4A P30-4A

The chemical and mineralogical composition and some physical charac-
teristics of the cements are shown in table 2.1.1.1.

2.1.3 Additives

In this project two plasticizers and two superplasticizers have
been used. They are described in table 2.1.3.1.

2.1.4 Aggregate

Only quarts sand of the type normally used at CBL has been used as
aggregate. It consists of three fractions. The sand is described in
table 2.1.4.1.
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2.2 cimen fabrication
2.2.1 General

Fabrication of specimens for the methods used in the project, took
place at both LBM and CBL.

Except for the specimens used for the cocalibration of different me-
thods (see section 2.2.2), all the samples were made within this
project.

Fabrication of cementmortar-specimens for the additional investiga-
tions at LBM (section 2.2.5) were described in detail by Holland
/17/ and by Rosenbom and Waldstrem /13/.

At LBM, mixing of pastes was performed by a vacuum-mixer (Whip-Mix).
Mixing of pastes at CBL was performed by a ordinary DIN-mortar mi-
xer.

During mixing, casting and setting special effort was made to avoid
entrapped air and segregation in the fresh and hardening paste.

This included evacuation of the mixing water and the paste. The
latter was carried out in a special apparatus (figure 2.2.1.1).
Through an outlet in the bottom of this apparatus, cement paste
specimens were cast in cylindrical teflon moulds while being vibra-
ted. The moulds had diameters of either 14.5 or 22.6 mm and a length
of approximately 100 mm.

The moulds were sealed and slowly rotated to avoid segregation for
approximately 16 h before demoulding. This resulted in homogeneous
specimens.

After demoulding, the specimens were placed in sealed containers
filled with saturated lime water :and.cured at room temperature.

The equipment for the fabrication of the HCP-specimens at CBL is
shown in figure 2.2.1.1 (photos).

The procedure for the fabrication of specimens at LBM were described
in detail by Villadsen /16/ and by Holland /17/.

The fabrication of specimens at CBL was performed according to CBL
Testing Manual no. 1.11.3 (Appendix B, in danish). (Preparation of
this manual was included in the Education Plan).

Each HCP-blend was identified by a name: X/Y/Z, where X was the ty-
pe of cement, Y was the type of admixture (chemical, mineralogical
or none (0)) and Z was the water-powder-ratio (W/P) by weight.

In this way, for instance ROC/0/0.4 designated a plain ROC cement
paste with no admixture and with W/P = water-cement-ratio, W/C =
0040
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2.2.2 Specimens for cocalibration of different methods

Specimens mentioned here were used for the cocalibration of both
drying methods and methods for pore structure characterization.

8 years old mature virgin hardened cementpastes made from Danish
white cement were used. Water-cement-ratios were 0.4 and 0.6. The
specimens were stored in sealed containers with saturated lime wa-
ter.

The two different pastes were tested in both virgin and dried/resa-
turated states (according to section 2.3.3).

In this way, 4 different specimens were tested by each of the cha-
racterization methods.

When comparing different methods for pore structure characterization
it is often seen in the literature that researchers are using porous
vycor glass (PVG). In this project the above mentioned mature harde-
ned cementpastes were used for practical reasons: Relevant relation
to concrete practice and the fact that these pastes already had been
been made by D. Bager in connection with a planned similar RILEM
project which for a number of reasons never was initiated.

When it was necessary to dry the specimens before applying the me-
thod (as was the case for MIP, N2-SORP and H20-SORP), this was done
either by CO, -free drying or by methanol-replacement according to
the below mentioned scheme:

Method (place) Drying method

MIP (LBM) Both CO, -free and methanol-replacement
MIP (USA) CO, -free

MIP (CZE) CO, -free.

N2-SORP Both CO, -free and methanol-replacement
H20-SORP Methanol-replacement

2.2.3 cimens for pore structure stability tests (CBL—serie

The HCP-blends tested were made from 7 different commercial cements.
They were (according to section 2.1.1): ROC, SAC, HOC, BLC, OPC,
BILAG3 and P30-4A.

Normally, W/C was 0.4. Additionally, W/C of 0.3 and 0.2 were used
for ROC and SAC. To achieve sufficient workability, a superplasti-
sizer of the sulphonated melamine formaldehyde type (table 2.1.3.1)
was used for the pastes with W/C = 0.2. A dosage of 4 and 6 % by
weight of cement were used for SAC and ROC, respectively.

Cylindrical specimens of both 14.5 and 22.6 mm in diameter and ap-
proximately 100 mm in length were made. The specimens were cured in
saturated lime water at room temperature for at least 82 days before
being used.
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2.2.4 Specimens for pore structure stability tests (LBM-serie)

The HCP-blends tested were made from 3 different commercial cements:
ROC, SAC and PFC (according to section 2.1.1), using W/C = 0.4.

The water reducers used were two commercial superplasticizers based
on sulphonated melamine formamaldehyde (M) and sulphonated naphtale-
ne formaldehyde (N) condensates (table 2.1.3.1), one commercial lig-
nosulphonate-based (LS) plasticizer and one "laboratorymade" hydro-
xycarboxylate-based (HC) plasticizer (table 2.1.3.1).

The used dosages of M, N, LS and HC were 2.0, 2.0, 0.4 and 0.07 %
by weight of cement, respectively.

Cylindrical specimens of both: 14.5 and 22.6 mm in diameter and ap-
proximately 100 mm in length were made. The specimens were cured

in lime water at room temperature for at least 79 days before being
used.

2.2.5 Specimens for additional investigations (I.BM)

The cementmortars used by Holland /12/ were proportioned according
to the Danish Standard (DS 411, /42/). This was not very successfull
since it resulted in stiff mortars with a low workability. Hence,
the results from the CUP-permeability studies using these specimens
may show the effect of a low workability instead of the effect of
different cement types.

For this reason, a different approach was taken when preparing the
mix proportions for cementmortars to be used by Rosenbom and Wald-
strem /13/. These cementmortars were proportioned according to TI-
B51, /43/, which is. a Danish test method for alkali-aggregate re-

activity of sand. A slump of 60 - 100 mm was aimed for, since al-

most equal workability was considered to be a necessity when com-

paring different mortars.

The mix-proportions and slumps for the various cementmortars men-
tioned above, are shown in table 2.2.5.1.

The mortars were moulded in 100x200 mm cylinder moulds while being
vibrated. After demoulding, the cylinders were water-cured at 20 °C
for at least 2 months.

The cementmortars tested were made from 3 different commercial ce-
ments: ROC, SAC and PFC.

Holland tested virgin cementmortars with W/C of 0.4 and with 4 dif-
ferent additives (according to table 2.1.3.1): M, N, LS, and HC.

The dosages were the same as the ones used for the plain cement pas-
tes (section 2.2.4).

Rosenbom and Waldstrem tested both virgin and dried/resaturated ce-
mentmortars with W/C of 0.4 and 0.6.

2.2.7 Specimens for ILow temperature Microcalorimetry (CAL)

The specimens for CAL were made from cylinders (diameter = 14.5 mm).




23

They were cut to a lenght of 65 mm using a watercooled diamantsaw.

2.2.8 cimens for Mer Intrusion Porosime MIP

2.2.8.1 Specimens for MIP at ILBM

Specimens for MIP at LBM were dried according to sections 2.2.8.1.1
and 2.2.8.1.2.

Just before testing predried specimens were roughly crushed and pie-
ces of about 3 mm (equivalent diameter) were manually selected for
the analysis. These pieces were degassed at room temperature using
a vacuum pump and finally an oil diffusionpump.

2.2.8.1.1 Cocalibration of different methods

The specimens were made from the specimens used for CAL at LBM.
These specimens were cut into four pieces along with and perpendicu-
lar to the cylinder axis. Drying was carried out at LBM using either
CO, -free drying or methanol-replacement, see section 2.3.1 and ;
2.3.2. The samples were kept in a vacuum desiccator over silica gel
until testing.

2.2.8.1.2 Pore structure stability tests (CBL-serie)

These specimens were cylindrical (diameter = 22.6 mm and 2-3 mm in
thickness) discs. They were dried by CO, -free drying at CBL and
kept in a vacuum desiccator over silica gel until testing.

2.2.8.2 Specimens for MIP at USA

The specimens were made from the specimens used for CAL at CBL.
These were cut into pieces as described in section 2.2.8.1.1 and
dried by CO, -free drying. No. further crushing was carried out be-
fore analysis.

2.2.9 Specimens for Nitrogenadsorption (N2-SORP)

The samples for N2-SORP were made from cylinders (diameter = 22.6
mm) . Discs (2-3 mm in thickness) were cut from the cylinders u-
sing a water cooled diamantsaw.

The discs were then dried (either by CO, -free drying or by metha-
nol-replacement) and kept in a vacuum desiccator over silica gel
at room temperature until testing.

Just before the analysis, discs were transferred from the desicca-
tor to a glove box containing silica gel and sodium hydroxide ("As-
carite II") to keep a dry and almost CO,-free atmosfere.

The disc were ground by a mortar and pestle. The fraction between
150 ym and 500 ym were used for the analysis.

Finally, vacuumdrying at 50 °C was performed in the sorptionappa-
ratus, just before the adsorption measurements were carried out.
This final drying in the sorptionsapparatus is an integrated part
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of the test procedure when N2-SORP is performed at CBL.

2.2.10 Specimens for Wateradsorption (H20-SORP)

The samples for H20-SORP were prepared in the same‘way as samples
for N2-SORP. Only methanol-replacement was used as drying method
for these specimens.

2.3 Sample preparation
2.3.1 CO,-free drying

This method has previously been described by Fontenay and Selle-
vold /44/.

Water saturated specimens were placed in a vacuum desiccator over
silica gel at room temperature for 2 days, while pumping by means

of a vacuum pump. This predrying was carried out in order to remo-
ve the main part of the evaporable water before introducing the spe-
cimen to high temperature. In this way, further hydration due to
high temperature conditioning is avoided.

Subsequently, the specimens were placed in a vacuum oven at 92.5 °C
for 7 days. The oven was connected to a saturated solution of LiCl
("wet crystals") kept at room temperature, thus creating a relative
water vapour pressure of 0.11. Finally, the oven was evacuated to
2.4 torr (320 Pa).

Experiments (Appendix E) have shown that CO, -free drying is similar
to drying at 105 °C in a ventilated oven, since the same degree of
drying was optained. The CO, -free drying method was found to be mo-
re reproducible, probably because no carbonation took place. The ex-
perimental setup is.illustrated. in figure 2.3.1.1.

The application of CO, -free drying was carried out according to CBL
Testing Manual no. 1.10.3 (Appendix F, in Danish).

2.3.2 Methanol-replacement

Water saturated specimens with a thickness of approximately 3 mm
were used to ensure a quick replacement of methanol in the pores.

The thin specimens were placed in sealed containers with relatively
large volumes of technical grade methanol. The methanol was replaced
by fresh methanol seven times within 14 days. Finally, the methanol-
replaced specimens were dried by CO, -free drying (section 2.3.1).

It was assumed, that the method of CO,-free drying also could be u-
sed for methanol-replaced specimens. Observations indicates, that
methanol-replacement has a limited effect (a slightly lower degree
of drying as compared to CO,-free drying from water-saturated sta-
te). In this context, this lower degree of drying is negligible.
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2.3.3 Drying/resaturation treatment

The drying/resaturation treatment described here is an attempt to
expose the material to a drying environment which can be related to
practice.

The drying took place at 50 °C at a relative water vapour pressure .
of 11 % (a saturated LiCl-solution at 2.4 torr (320 Pa)) for 3 days
Resaturation was carried out gradually. Final saturation took place
in a pressure tank at 150 atm (15.2 MPa).

The standard scheme for drying and resaturation is shown in table
2.3.3.1.
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3. Methods

In this chapter details are given concerning measurement technique,
theory and calculation procedures for the different methods employed
in this project.

3.1 ILowtemperature microcalorimetry (CAL)

Ice formation by CAL at both LBM and CBL were carried out by a low
temperature Calvet microcalorimeter (SETARAM), using a differential
scanning mode of operation.

The method has previously been described by Sellevold et al./44,45/.

The experimental setup for CAL at CBL is shown at figure 3.1.1A.
The microcalorimeter is shown in figure 3.1.1B.

By applying CAL on saturated or partly saturated porous specimens,
information of pore structure can be optained /19/.

During ice formation the liberated amount of heat is measured as
heat flow. From figure 3.1.1B the principle of measurement could be
seen. The calorimeter contains two cylindrical cell introduction
tubes. These are identical and are placed symmetrically in the
aluminium calorimeter block. Each of the two thinwalled tubes are
connected to the calorimeter block by 516 termopiles connected in
series. The thermopiles are spaced evenly on the tube surface.

The tubes contains the measurement cell (M) and the reference cell
(R). During the experiment the saturated, surface dry sample was
contained in the airtight measurement cell. Before the experiment a
few mg of AgI was sprinkled at the sample surface to minimize super-
cooling of the water.

Heat flow was measured as the differential output signal (E;) from
the two seperate sets of thermopiles.

While cooling at a rate of 3.3 °C/h at LBM (3.6 °C/h at CBL) and
heating at a rate of 4.1 °C/h at LBM (4.2 °C/h at CBL), simultaneous
measurements of time, t(s), temperature, T(°C), and calorimeter
output signal, E; (pV), took place in the temperature range from ap-
proximately 15 °C to -60 °C.

From these measurements the apparent heat capacity, Coar Can be
calculated as:
E;
CpA = (J.K"l.gssd"l)
sy (dT/dt) W o4
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where

" sy is the calorimeter sensitivity (pV/mw)
(dT/dt) is the rate of temperature change (°C/s)
W,.q 1is the saturated surface dry weight (g )

From curves showing temperature versus apparent heat capacity, the
ice formation in the saturated specimen can be calculated, as it

is proportional to the area below the the curve and above an esti-
mated baseline. The methods used for estimation of this baseline,
and hence the calculation of ice formation have previously been out-
lined by Fontenay et al. /18,44/.

Investigations /18/ have shown that the results optained by CAL are
very reproducible. Accordingly, only one test is necessary to gain
precise data on ice formation. This is also due to the appropriate
specimen fabrication technique (section 2.2.1) securing highly homo-
genious specimens. '

Typical heat capacity curves optained during both cooling (CObL)
and heating (HEAT) for CAL at CBL are shown in figure 3.1.2.

The observed hysteresis between cooling and heating indicates the
continuity of the pore system. During cooling, the propagation of
the ice front is controlled by the narrowest necks in the pore
system. Accordingly, the ice formation during cooling is comparable
to mercury intrusion (section 3.2) and nitrogen desorption (section
3.3).

The qualitative interpretation of these temperature-heat capacity-
curves is quite simple. The peaks indicates concentrated ice forma-
tion. With the help of these curves the porestructure i.e. poresize
can be estimated, since.water held in small pores freezes at lower
temperatures than water held in greater pores /19/.

Since no ordinary ice forms below -55 °C /44/, the amount of non-
frozen water at -55 °C, w,¢ (-55), represents water in very small
pores or physically adsorbed water at surfaces.

A Manual for carrying out CAL at LBM is written by Holland et al.
/20/. This Manual was partly prepared by this author.

The application of CAL at CBL was done according to CBL Testing
Manuals no. 1.11.1, 1.11.2 and appendix (these are shown at
Appendix C, in Danish). (Preparation of these manuals was included
in the Education Plan).

3.1.1 Cumulative pore size distribution

Cumulative pore size distribution (CPSD) can be calculated from CAL-
results by means of a method similar to Kelvin Capillary Condensa-
tion analysis (KCC) used to calculate CPSD from sorption isotherms.

Like in KCC, the pore water is assumed to be dividable into two
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parts:
- a) Capillary condensed water
b) surface adsorbed water

Considering circularly cylindrical pores, the pore radius, r

could be written as: P!

r, = rg + t,¢ (&)

Kelvinradius of the solid/liquid (ice/water) menis-
cus.

t,s= Adsorbed surface layer. Consists of very strongly
bound water, unable to freeze at ordinary tempera-
tures.

where Ty

Defay et al. /21/ describes the growth of an ice crystal into a nar-
row capillary. The relation between temperature and ry of the narrow
capillary was given by the equation

2 . U]‘ O'S]

r = — (R)
A¢h - In(T/T,)
where vl = molar volume of water = 18-10-% m3 /mole
0s1= surface tension of the water/ice interface
= 0.030 N/m
Ash = heat of fusion of ice
= 6012 + 40.4- (T;-T) J/mole, calculated from data
of Radjy given by Fontenay et al. /18,44/.
T = actual temperature (K)
Ty = 273.2 K

Hence, ry could be calculated for different freezing point depres-
sions (T;-T):

(T,-T) | K 0 1 3 5 7 110 |20 {30 {40 |50 |60

Iy A o 14931166]101| 73| 52| 27| 19} 16| 13| 12

Figure 3.1.1.1 shows the calculated relation between r¢ and (T;-T)-.

One of the assumptions for the use of this equation is that the

ice/water- and not the vapour/water-interface controls the forma-
tion of ice in the narrow capillaries. According to /18/ this is a
reasonable assumption, since all pore entrances (with possible va-
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pour/water-interface) will be filled with ice, when the largest ca-
pillaries have frozen, at relatively high temperatures.

For pores of very small width in the order of a few molecular diame-
ters the application of capillary theory can hardly be extrapolated,
since no ordinary meniscus seems likely under these circumstances.
However, other methods, using capillary theory (nitrogen- and water-
sorption) have similar uncertainties. For comparative purposes the
application of capillary theory on small pores therefore seems per-
missible.

The applied values for A:h assumes that both the ice and the non-
frozen water are at atmosferic pressure. This is a rather crude
assumption, since freezing will create different pressures on each
side of an interface.

Several researchers /18,44,45,52,53,54,55,56,57,59/ interpreted -
as the present author - the freezing point depression as the result. .
of the existence of pore water freezing in smaller capillaries and
they advocated a relationship between freezing point depression and
pore size similar to the equation of Defay et al. /21/ shown above.

Furthermore, CAL immediately can provide us with detailled informa-
tion of frost resistance of the material tested. Frost resistance
is a very important practical property.

MIP and N2-SORP implies that specimens are dried totally before tes-
ting in contrast to CAL where totally saturated and never dried spe-
cimens could be used. However, MIP and N2-SORP have been used exten-
sively by cement paste researchers for many decades and it would
therefore be very appropriate to compare these methods to CAL.

The non-frozen layer (t,;) at surfaces could, as a first approxima-
tion, be assumed to be. of constant: value throughout the temperature
range of relevance. However, this would mean that the pore size di-
stribution calculated from calorimetric ice formation will be a rat-
her steep curve. Most likely, however, it would be expected that t,;
depends on temperature . Accordingly, the non-frozen layer becomes
thinner as temperature decreases in the same way as the surface ad-
sorbed t-layer becomes thinner as the relative vapour pressure de-
creases.

Fagerlund /52/ gave an estimate on the temperature dependency of
t,s. By this, t,s () could be calculated from the freezing point de-
pression, (T,-T) (°C), by the equation -,

t,g = 19.7 - (T,-T)"1/3

To the knowledge of the author no other researcher has established
such a relation. Consequently, in the absence of other estimates on
t,s, the values of Fagerlund are used.
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Pore sizes (2-rp) from about 40 A to about 300 & are detectable
using the above mentioned calculation technique.

3.2 Mercury Intrusion Porosimetry (MIP)

MIP-data at LBM were generated by a mercury porosimeter (Micromeri-
tics Instr. Corp.). A diagram of the apparatus is shown in figure
3.2.1. The porosimeter was operated manually.

The pore radius, r,, was calculated from the Washburn equation

2 - 0 - cos O

r, = -
p
where ® = contact angle between mercury (Hg) and dry paste
(117° are normally used at LBM)
0 = surface tension of Hg = 0.484 N/m (at 20 °C)
p = applied pressure (psi)

Bager and Sellevold /22/ and Fontenay /18/ both used drying procedu-
res quite similar to the CO,-free drying method used in this pro-
ject, and they operated with a contact angle of 117°, citing the ex-
perimental work of Winslow and Diamond /23/ on oven dried samples.
Accordingly, this value is used as a standard value in this project.

The predried material was placed in the sample holder (part A in fi-
gure 3.2.2) of the MIP-sample cell, and assembled to the mating cap
(part B in figure 3.2.2). The sample cell was then prefilled with Hg
under high vacuum conditions.and placed in the pressure chamber of
the porosimeter. The pressure on the mercury was generated through
the hydraulic oil surrounding the sample cell. Pressure was then
increased stepwise.

The amount of Hg forced into the pores at each step was measured u-
sing a precision bore tube and an electrical displacement counter
(figure 3.2.3). The cap (part B in figure 3.2.2) contained a cup
with a platinum feed through, creating electrical connection between
Hg in the cup and in the sample cell.

'In the porosimeter the sample cell was assembled with the top part
of the pressure chamber. This part contained a fixed electrical con-
tact that dipped into the cup of the sample cell, and a movable e-
lectrical contact (figure 3.2.3).

As pressure was increased, Hg was pressed into the pores and the Hg-
level in the precision bore tube decreased. The movable contact
followed until contact was reached. This movement was measured by
the electrical displacement counter and was proportional to the pe-
netrated volume.
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At each pressure, equilibrium was said to be reached when 2 minutes
had elapsed since the last count on the electrical diplacement coun-
ter.

MIP-runs with only Hg in the sample cell (blank-runs) were used to-
compensate for the compressibility of the Hg itself.

The apparatus has been described in general by Orr /24/, and the
specific porosimeter at LBM has previously been used and described
by Bager and Sellevold /22/ and by Serensen /25/.

A Manual for carrying out MIP at LBM is written by Nielsen et al.
/26/. This Manual was partly prepared by this author.

MIP at USA was carried out using an Autoscan 60 Porosimeter (Quan-
tachrome Corporation).

Pore sizes (2'-rp) from about 30 A to about 40 Wm are detectable
using this method, depending mainly on the maximum pressure capaci-
ty of the por051meter and on which contact angle is chosen.

3.3 Nitrogen adsorption (N2-SORP)

Nitrogen adsorption and -desorption data were generated by an auto-
mated nitrogen sorption apparatus (Sorptomatic 1900, Carlo Erba).

The apparatus is shown in figure 3.3.1.

The isotherms were determined by the volumetric method, in which
stepwise introduction of known volumes of gas to the predried sample
is applied.

After each introduction.a certain amount of the gas is adsorbed by
the sample. The: amount not adsorbed by the sample at equilibrium
create a partial pressure above the sample. This equilibrium pres-
sure is measured by a pressure transducer. The volume of adsorbed
nitrogen (in liquid state) and the companion equilibrium gas pressu-
re above the sample gives one adsorption point at the adsorption
isotherm.

The criteria of equ111br1um at each pressure step is chosen by the
user. The pressure is measured contlnlously. When the pressure dif-
ference of two consecutive readings is below a certain value, equi-
librium is considered to be reached. Both the time interval between
two consecutive readings and the pressure difference are decided by
the user. For these measurements, 3 minutes and 0.5 torr (67 Pa)
have been chosen, respectively.

When both the volume of gas introduced and the equilibrium pressure
of the gas is known, the amount of gas adsorbed by the sample can
be calculated using the known introduced volume of nitrogen gas,
and the relation between volume of gas and gas pressure above the
sample. The latter relation is established by simply introducing
successive and known volumes of gas to an empty sample burette
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while recording the respective equilibrium pressures (blank-run).

Pore size distribution and cumulative volume was calculated from the
desorption branch of the isotherm by application of the Kelvin equa-
tion and making corrections for the t-layer adsorbed at surfaces.
The relevant calculations are performed automatically by a computer
software programme, supplied with the Sorptomatic 1900 instrument.
This programme uses the procedures described by Barrett, Joyner and
Halenda /27/.

These authors considered the pore structure to be a system of open
ended, non-intersecting, circularly cylindrical pores. Pore radius
is calculated from

r, =rx +t,

p

thus dividing the adsorbed gas into two categories:

2) Physically adsorbed on the pore walls

(t-layer; t = t(p/py)) ] .
b) capillary condensed in the inner capillary volume
(Kelvin radius; r¢ = r¢ (P/pPy))

. I

2 -0 - v 1
rK = - .
R - T In (p/pgy)

where 0 = surface tension of liquid nitrogen = 0.00885 N-m-1
) v = 1liquid molar volume of nitrogen = 34.65-10"¢ m3-mole !

T = temperature at which ¢ and v were calculated

= 77.3 K
R = gas constant = 8.316 J-K ! -mole!

(Numerical data are taken from /27/)
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Hence, ry is calculated /27/ from

9.53
re = -— (A)
In(p/py)

The t-layer is calculated /27/ from

-5
t = wMr- ( )13 (&)
1n(p/po)

where MT = monolayer thickness = 4.3 &

This t-curve was constructed /27/ from experimental data of Schull
/28/ based on the assumption that each adsorbed nitrogen molecule
in a given layer is vertically above its neighbour in the previous
adsorbed layer as pointed out by Gregg and Sing /29/.

Pore sizes (2-r,) from about 20 A to about 600 A are detectable
using this apparatus. Thus, the mesopores (20 A < porewidth < 500 &)
according to IUPAC-conventions, could be measured.

The application of N2-SORP at CBL was carried out according to CBL
Testing Manuals no. 1.10.1, 1.10.2 and appendix (these are shown at
Appendix D, in Danish). These manuals were prepared by this author.

A typical test report from a complete adsorption/desorption analysis
is shown at Appendix:G. The procedures for the calculation of cumu-
lative pore size distribution from the desorption branch of the iso-
therm are also shown.

3.4 Water adsorption (H20-SORP)

Predried and crushed samples (section 2.2.10) were placed in small
weighing bottles in a vacuum desiccator over a saturated solution
of LiCl, maintaining a relative humidity (r.h.) of 11 % in the
desiccator. ,

The desiccator was evacuated to a partial pressure of 2.4 torr (320
Pa), and kept at room temperature.

After more than 3 months of adsorption at 11 % r.h. the amount of
adsorbed water was calculated.

Subsequently, the weighing bottles containing the samples were pla-
ced in a vacuum desiccator over saturated solution of MgCl,, main-
taining 33 % r.h. in the desiccator. The desiccator was evacuated
to a partial pressure of 5 torr (667 Pa) and kept at room tempera-
ture. '
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After 3 weeks at 33 % r.h., the amount of adsorbed water was calcu-
lated.

The determination was performed in triplicates in a single desic-
cator.

The specific surface area according to the BET-method /30/, SgetT
is calculated from

Sggr =

where Sgg7 = specific BET-surface area (mz/gdr )
= area covered by one molecule of water (m?)
N = Avogadros number
M = molecule weight of water (g/mole)
Vi = monolayer volume (g/gy.y)

Taking 6 = 11.4-10720 m?, N = 6.024-1023 and M = 18 g/mole the
following equation is gained:
SBET = 3815 - Vm (mZ/gd,.y)

The monolayer capacity, V,, was calculated from the linearized
BET-equation /30/

(P/Pg) 1 c-1
= ——— + ———— - (p/Py)
Wads (1 - (P/Po)) V- C v, C
where P/Py " relative vapour pressure

adsorbed water content (g/gy.
constant, indicating the reac%ivity of
the surface

Wads
C

Plotting (p/py)/( Wads® (1- (p/po)) ) versus (p/p,) in the region of
0.05 < p/p, < 0.35 gives a straight line (BET-plot) with an inter-

cept (I) and a slope («).

Thus, V, and C could be calculated as follows

vV, = and C =
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Using the amounts of adsorbed water at p/p, = 0.11 and 0.33, Sg¢y
is calculated from two points of the adsorption isotherm.

3.6 Inverted cup method (CUP)

Using this type of cup (see figure 3.6.1 for principle and experi-
mental setup) both water permeability coefficients (K) and water
vapour diffusion coefficients (k,;) could be calculated according to
Thorsen /31/.

A water saturated specimen was assembled with the other components
of the cup (as shown in figure 3.6.1). The assembled cup was then
placed in a climate chamber with well defined relative humidity,
temperature and ventilation ( r.h. = 60 * 5 ¥ , temperature = 22 *
2 °C, continious flow of air was created at specimen surfaces using
a ventilator).

Simultaneous measurements of weight loss and time were carried out
regularly. A typical weight loss curve is shown in figure 3.6.2.

The drying could be separated into three phases (as shown in figure
3.6.2).

Phase I:

In this phase (see f1gure 3.6.1) the saturated specimen loose weight
relatively fast. This is mainly due to evaporatlon from the initial-
ly saturated surface of the specimen. Water is transported from the
wet side to the evaporation front by capillary suction. Since capil-
lary suction is slower than vaporisation from meniscii surfaces, the
evaporation front (figure 3.6.2) moves towards the wet side of the
cup and relative humidity gradually increases at the evaporation
front.

Phase II:

In this phase water is transported by diffusion from meniscii sur-
faces at a much slower rate compared to phase I. The evaporation
front moves towards the wet side of the cup.

Phase III:

The evaporation front is no longer moving, indicating that equili-

brium is reached between amount of water transported by capillary
suction and by vapour diffusion.
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The flux of water, g, through the specimen is calculated from the
weight loss curve as

qg = a/A (kg-m‘z'S‘l)

where a = the slope of the weight loss curve (kg/s)
in phase III, where steady state has been reached
A = exposed area (m?) of the specimen

Water transport by capillary suction can, assuming one-dimensional
laminar flow in circular cylindrical tubes, be calculated using
Darcy’s law: :

AP

Q
i
=

L

where K coefficient of permeability (kg/Pa-m-s)

AP difference in hydraulic pressure (Pa) due to the
low pressure under a meniscus surface
L = capillary suction length (m)

Water transport by water vapour diffusion can, under steady-state
conditions, be calculated using Ficks law:

P1 — Pz
L

where ky= water vapour diffusion coefficient (kg/Pa-m:s)
p; = vapour pressure (Pa) in evaporation front
p, = vapour pressure (Pa) in climate chamber
L = vapour diffusion length (m)

For steady-state conditions (phase III) the evaporation front is
fixed at a distance x from the dry side of the cup (see figure
3.6.2). This means that water is transported by capillary suction
in the distance (L-x) and by vapour diffusion in the distance x.

When steady state conditions were optained, values of x, K and Ky
can be calculated using the procedures outlined by Thorsen /31/.

The distance x can be calculated from considerations concerning mass
of water in the different regions corresponding to (L-x) and x.



37

Thus, the total mass of water in the specimen when the test was com-
pleted (W;) may be written as

Wy = Wyi5 -~ Wdry

where Wy;s = weight of specimen (kg) when the cup has been
dismantled
Wyr., = weight of specimen (kg) after drying at 105 °C

Mass of water in the region of capillary suction (W.,,) may be
written as

=
Il

) - V- e - py,

cap

volume of the specimen (m3)
(open) porosity (md/md)
density of water (kg/m3) = 1000 kg/m3

where v
£

Pw

Mass of water in the region of vapour diffusion (W,;¢) may be
written as

x
Wois = () - V- Wep - Py
L
where W., = mean value of the evaporable water content

(kg/kg4,.,) in the region of vapour diffusion
pgy = dry density (kgy,,/m®)

Since
W3 = Wcap + wdif

(Wssqg — wdry)/pw

(Wesq — Wsub)/pw

Wdry Wdry
Pg = =
v (Wssd - Wsup) /Py

the distance x can be calculated from (taking p, = 1000 kg/m3)

(Wyis -~ Wdry) - (Wg5q - wdry)

Wem - Wdry - (Wssq - Wdry)
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saturated, surface dry weight (kg ;4 4)
weight of saturated specimen (kg), submerged
in water

where Wesd

sub

Hence, knowing L, the distance x is calculated from gravimetry.

The mean value of evaporable water content in the region of vapour
dlffu51on, W.n, is found from the sorption isotherm of the actual
specimen, as the amount of adsorbed water at a relative vapour pres-
sure, p/p,, which is the mean value of p/p, = P, /Py in the climate

- chamber and an assumed p/p, = p; /P, at the evaporation front (p, /p,
= 0.90 or 0.98 is normally assumed). The present calculations has

been carried out for both these values.

Knowing x, both K and k; can be calculated from the equations

AP
a=K-
L - x
P1 - P2
q = kg
X
Since
a
q=—"
A
2 o
AP = —
Yy

o surface tension of water (N/m)

r¢ = Kelvin radius (m)
= ry (P; /Py)
p; /Py = pP/Py in the evaporation front

the following equations for the determination of K and k; are
gained

(L - x) - a - re(p;/Pg)

2 - 0 - A

X - a

kd =
A py - (P1/Py = P2 /Py)

It is observed, that both K and k; depends on the assumed water va-
pour pressure, p/p, = p; /Py, in the evaporation front.
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3.7 Relative water vapour diffusion coefficients

5 saturated, surface dry discs (©22.6 mm and 3 * 0.5 mm in thick-
ness) were placed on a brass specimen holder and weighed. The hol-
der were constructed in such a way that the discs were able to dry
freely from both sides. Furthermore, the concept of weighing 5
discs at a time improved the reliability of the method. Placing the
discs in the holder facilitated the weighing procedure.

The discs were placed in a vacuum desiccator above a saturated so-
lution of LiCl, maintaining a relative humidity of 11 % .

The desiccator was evacuated to approximately 2.4 torr (320 Pa) and
kept at room temperature. Measurements of weight loss from the ini-
tial saturated, surface dry weight were carried out regularly during
a period of 35 days. After each measurement the desiccator was eva-
cuated again.

During drying, the moisture content of the material is a function
of time. The theory of non-steady state moisture transport is to be
used when describing the moisture content of the specimen during
drying. This theory has been outlined in generel terms in /32/.

The relative coefficient of diffusion, D/D,, can be calculated when
the actual specimen, and an arbitrary chosen reference (0) specimen
have reached the same degree of drying.

The degree of drying (expressed as cumulative weight loss relative
to total cumulative weight loss at equilibrium with the actual re-
lative vapour pressure, here 0.11) is a function of drying time,
which is expressed as the Fourier number

D - ¢t
Fo =
L2
where D = coefficient of diffusion (m?/s)
t = drying time (s)
L = drying length (m)

When the actual and the reference (0) specimen have reached the
same degree of drying their Fourier numbers are the same, thus

D't Do‘to

L2 12,
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Since the specimens are geometrical identical, L = L;, the relative
diffusion coefficient could be calculated as

_— = — <= D = D, - —

where t;, and t are the drying times required to reach the same de-
gree of drying.

This method can be used for the estimation of diffusion characteris-
tics only when the specimens, which are compared, display the same
kind of moisture transport mechanisms during drying as pointed out
by Nilsson /46/.
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4. Results

4.1 Drying methods

Results from this serie are given along with the results presented
in section 4.2, since the effect of drying method on pore structure
characteristics is investigated there.

4.2 Pore structure characterization methods

Physical characteristics of the CAL-specimens used at both CBL and
ILBM are given in table 4.2.1.

Figures 4.2.1A-D shows temperature versus heat capacity (1ce forma-
tion) during cooling for each of the 4 different HCP-specimens. Re-
sults are shown for CAL at both LBM and CBL.

The quantitative results from the CAL-tests at both CBL and LBM are
given in table 4.2.2. Here, the frozen water (w;) and the non-frozen
water (w,y;) contents are given at different temperatures.

W, is calculated as w,; - w; from COOL INCR.

Physical characteristics of the MIP-specimens used at LBM, USA and
CZE are given in table 4.2.3.

Cumulative pore size distributions from MIP performed at LBM, USA
and CZE are shown in figures 4.2.2A-D.

Figure 4.2.2E shows cumulative pore size distribution from MIP per-
formed at LBM for hardened cement paste (HOC/0/0.6 virgin). The pas-
te was analysed by 3 independent repetitions.

Physical characteristics of the N2-SORP-specimens used are given in
table 4.2.4.

Nitrogen adsorption- and desorption-isotherms are shown in figures
4.2.3A-D. The effect of using either methanol-replacement or CO;-
free drying as drying method is shown.

Cumulative pore size distribution from N2-SORP on CO, -free dried
samples are shown in figure 4.2.4.

Specific BET-surface area optained by N2-SORP and H20-SORP are shown
in table 4.2.5.

In tables 4.2.6A-D CAL-data, optained from figures 4.2.1A-D (CBL-
curves), are transformed into cumulative pore size distributions
using the temperature depending non-frozen layer thickness of Fager-
lund (section 3.1.1).

In figures 4.2.6A-D cumulative pore size distributions are compared
for the methods of CAL, N2-SORP and MIP. For MIP, a contact angle
of 117° was used.
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In figures 4.2.7A-D cumulative pore size distributions are compared
for the methods of CAL, N2-SORP and MIP. For MIP, a contact angle
of 140° was used.

In figure 4.2.8 the effect on cumulative pore size distribution from
changing the contact angle, 6, from 117° to 140° is shown.

4.3 Pore structure stabilit CBL-serie

Physical characteristics of the CAL-specimens are given in table
4.3.1.

Figures 4.3.1A-J,L shows heat capacity versus temperature during
cooling for the different cementpastes in both virgin and dried/
resaturated states.

The quantitative results from CAL are given in table 4.3.2. Here,
the frozen water (w;) and the non-frozen water (w,;) contents are
given at different temperatures.

Cumulative pore size distribution calculated from MIP are given in
figures 4.3.2A-I. Figure 4.3.2A shows the effect of different HCP-
blends, while figures 4.3.2B-I shows the effect of a drying/re-
saturation treatment for each HCP-blend (apart from OPC, P30-4A and
ROC/M/0.2) .

Cumulative pore size distribution calculated from N2-SORP are given
in figures 4.3.3A-J. Figure 4.3.3A shows the effect of different

HCP-blends, while figures 4.3.3B-J shows the effect of a drying/re-
saturation treatment for each HCP-blend (apart from OPC and P30-4A).

Table 4.3.3 shows values of specific BET-surface calculated from
N2-SORP. Results are given for different HCP-blends, dried by CO, -
free drying prior to analysis. For ROC, HOC and P30-4A the effect
of methanol-replacement is also shown.

4.4 Pore structure stability (LBM-serie
The results of this serie were previously reported by Holland /12/.

Physical characteristics of the CAL-specimens are given in table
4.4.1.

Figure 4.4.1 shows temperature versus heat capacity (ice formation)
during cooling for virgin HCP-specimens using 3 different cements
and no admixtures.

Figures 4.4.2A-C shows ice formation during cooling for virgin HCP-
specimens using either none or 4 different admixtures, for the
following types of cement: A) ROC, B) SAC and C) PFC.

Figures 4.4.3A-C shows ice formation during cooling for both virgin
and dried/resaturated, pure HCP-specimens, for the following types
of cement: A) ROC, B) SAC and C) PFC.



43

The quantitative results from the CAL-tests are given in table
4.4.2. Here, the frozen water (w;) and the non-frozen water (w,;)
contents are given at different temperatures.

Figure 4.4.4 shows relative water vapour diffusion coefficients
calculated from drying test results at 11 % r.h. Results are given
for virgin HCP-specimens using 3 different types of cement and 4
types of admixtures. Furthermore, the effect of drying/resaturation
for pure HCP is shown.

4.5 Additional investigations (LBM)

In table 4.5.1 are shown the permeability results by CUP for the
different mortars investigated by Holland /12/ and Rosenbom and
Waldstrem /13/.

In figure 4.5.1A-B results are shown for water vapour diffusion co-
efficients, k; (90), by CUP of cementmortars of A) Holland /12/ and
B) Rosenbom and Waldstrem /13/.

In figure 4.5.2A-B results are shown for water permeability coeffi-
cients, K(90), by CUP of cement mortars of A) Holland /12/ and
B) Rosenbom and Waldstrem /13/.

In figure 4.5.3A-C are shown curves of heat capacity versus tempera-
ture during cooling for the various mortars investigated by Rosenbom
and Waldstrem. In table 4.5.2 are shown the results from ice forma-
tion measurements by CAL. Data are given on frozen (w;), non-frozen
(w,s) and total evaporable (w,;) water contents.
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Discussion

5.1 Methods of drying and pore structure characterization
5.1.1 CAL at IBM and CBL

From heat capacity curves during cooling (figures 4.2.1A-D) it is
observed, that the level of heat capacity for tests carried out at
LBM is higher than at CBL. This is explained by the fact that the
vessel in the reference cell at LBM was empty, while at CBL, this
vessel was filled with approximately 11 g of calcined alumina. Ac-
cording to SETARAM calcined alumina is inert in the temperature
range used.

Filling the reference vessel with an inert material, as it is done
at CBL, causes the level of the signal from the reference cell, E;,
to increase as shown in figure 5.1.1.1. This means that the diffe-
rential output signal, E;, calculated as the difference between the
output signal from the measurement cell, Ey, and E;, is lowered
accordingly. Since the apparent heat capa01ty, Conr of the specimen
(see section 3.1) is proportional to E;, C b A is also lowered.

This explains the different levels of heat capacity optained on no-
minally identical specimens at LBM and CBL.

Off course, the two different levels of C,, could be reduced to ap-
proximately the same level by means of a supplementary test run at
CBL. In this test, the vessel in the measurement cell should be emp-
ty (no specimen) and the vessel in the reference cell should be fil-
led with inert alumina (as usual).

The heat capacity signal from this "zero-test" could then be sub-
tracted from the heat capacity signal of the ordinary tests where
the vessel in the measurement cell contains a specimen.

This procedure - although quite simple to perform - is not used he-
re, since the author consider the level difference to be of no rele-
vance when comparing numerically the test results of the same mate-
rial from the two different laboratories: CBL and LBM.

From figure 4.2.1A it is observed that ice formation is taking pla-
ce around -10 °C for the CBL-specimen. For the companion LBM-spe-
cimen no ice is formed above -20 °C. The observed ice formation a-
round -10 °C can not be correlated to freezing in any specific pore
size range since it takes place in large waterfilled cavities (air
bubbles) situated mainly at the surface of the specimen, or repre-
sents water evaporated from the sample and condensed either at the
inner surface of the vessel or at the small AgI-particles. This ice
formation is very small (normally around 0.001 g/g4,.,) and have
therefore no influence for the interpretation of the overall ice
formation.

From calculated ice formation (table 4.2.2) good correspondance be-
tween the two laboratories was observed.

Although the optained ice formation data are in good correspondance
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the following points could be able to contribute to differences in
the shape of the temperature-heat capacity curve and have influence
on the amount of calculated ice.

a) Method of data sampling.

b) The determination of the total
evaporable water content.

c) Cooling/heating rates.

Re a)

At LBM and CBL, the criteria for sorting af data are approximately
the same and are chosen in accordance with the criteria used by
Fontenay /18/.

In this way a set of data (consists of simultaneous measured values
of time, temperature and differential output signal) will be stored
if any of the following criteria is fulfilled:

a) Time criterion:
A certain amount of time has elapsed since
the last set of data was stored '

b) Temperature criterion:
The temperature is an integer

¢) oOutput signal criterion:
The output signal is changed by a certain amount

since the last set of data was stored

At LBM the data are progressively collected, processed and stored
in a datafile. Hence, when the test is finished the data to be used
for calculation of the ice formation are processed.

At CBL, a certain interval of time passes between two consecutive
data collections. These intervals have a lower time limit set by the
storage capacity of the control software programme (5000 sets of
data), and by the time required for analysis (depending on initial
and final temperatures, and temperature rate). A typical time in-
terval was approximately 20 sec. (during cooling) and 15 sec. (du-
ring heating).

After each test at CBL, the 5000 sets of data are converted from
hexadecimal code to real numbers. Subsequently, the 5000 sets of
data are sorted by the above mentioned criteria. The sorted file
typically consists of 100-150 sets of data, which is of the same
magnitude as the number of data sets upon CAL at LBM.

Furthermore, a data file of this size is readily used in a worksheet
software programme as LOTUS 1-2-3 for additional data handling.

From this file ice formation data can be calculated. Both converting
and sorting of the data were performed automatically by computer,
using a programme (Turbo-Pascal) developed at CBL, under guidance
of this author.
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The criteria used in the sorting procedure of this programme at CBL
are shown as a flow diagramme in figure 5.1.1.2A.

The criteria used in the sorting procedure of the programme at LBM
are shown as a flow diagramme in figure 5.1.1.2B.

The advantage of the LBM-method is that immidiately after storing a
set of data, a new data collection is performed, while at CBL the
time interval between two sets of data is at least 15 sec.
Especially in temperature ranges of concentrated ice formation
(peaks), this means that the CBL-method collects fewer sets of data
than the LBM-method. This could result in more uneven CBL-curves
(as seen from figures 4.2.1A-D) as compared to LBM-curves.

This unevenness of the curve has a certain influence on the calcu-
lation of ice, since the ice formation is proportional to the area
below the temperature-heat capacity curve and above an estimated
baseline. Since the calculated amount of ice at the two laboratori-
es are in good correspondance, the difference in methods of data
sampling at LBM and CBL is not considered to be of significance.

Re b)

The determination of the total evaporable water content, w,,, has
been determined by CO, -free drying at both laboratories. From table
4.2.2 it is observed, that w,, is higher at LBM than at CBL. Because
of high paste homogenity, this difference is believed mainly to be
caused by differences of the saturated LiCl-solutions used at LBM
and CBL.

The volume of the commercial oven used at CBL is at least 20 times
that of the non-commercial oven used at LBM. Hence, the CBL-oven
was used to dry many samples of different water contents at the same
time. CO, -free drying at LBM is observed to be more severe than CO,-
free drying at CBL. This can be explained by the fact, that the
LiCcl-solution at CBL relatively quickly becomes less saturated and
less homogeneous unless the solution is checked regularly.

Obviously, the degree of saturation of the LiCl-solution at CBL has
not been checked as regularly as the one at LBM. This should have
been done in order not to add any unnecessary uncertainty to this
drying procedure.

It is very important, that the solution mainly consisted of "wet
crystals". If this is not the case, the water vapour pressure above
the solution will increase beyond 0.11 and the severity and repro-
- ducibility of the drying method will decrease as seen in the case
of CO,-free drying at CBL.

The total evaporable water content, w.,,, is used in the ice forma-
tion calculations to bring the calculated ice on a dry weight basis.
Hence, to high a value of w,; gives to high a value of calculated
ice on a dry weight basis.
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It can be argued, that w,  (LBM)-values are more precise than w,g
(CBL) -values, since drying at LBM evaporates more water from nomi-
nally the same specimens than drying at CBL.

Re c)

The nominal cooling rates were 3.3 °C/h (LBM) and 3.6 °C/h (CBL).
The nominal heating rates were 4.1 °C/h (LBM) and 4.2 °C/h (CBL).

The rates used at LBM have been used as standard rates at the labo-
ratory for many years, and are applied here for comparison purposes.
The rates at CBL were established according to the rates used at
LBM. The difference in rates between LBM and CBL is caused by the
fact that the control software programme at CBL only permits rates
as a multiple of 0.06 °C/h.

According to Fontenay /18/, such small differences in rates will not
cause any measureable difference in ice formation.

5.1.2 MIP at IBM and USA

5.1.2.1 Effect of drying method

From figures 4.2.2A-C it is seen that methanol-replacement tends to
give a finer pore structure compared to CO,-free drying from the
watersaturated state.

This is in line with observations of other researchers /7,33/. Some
of these authors /33/ investigated HCP of various W/C hydrated for
240 days, and compared MIP-results for pastes, which had been either
methanol-replaced before drying (above concentrated sulphuric acid)
with results for pastes, which were dried directly from saturated
surface dry (ssd) water state.

Thus, it could be concluded that a coarsening of the pore structure
takes place, when the pastes were dried by CO, -free drying from the
ssd-water state. Furthermore, at ultimate pressure, the intruded
volume is larger for specimens, which are dried directly from ssd-
water state than for specimens, which are dried from ssd-methanol
state.

In figure 4.2.2D this effect is not seen, since the two drying pro-
cedures seems to give almost identical cumulative pore size distri-
butions. The two distributions are not distinguisable, since devia-
tions are almost the same as optained from triplicate MIP-test on
identical samples (figure 4.2.2E).

It is seen, that the effect of drying method is significant for both
the 0.4 W/C-pastes and the virgin cured 0.6 W/C-paste, while the ef-
fect is absent for the dried/resaturated 0.6 W/C-paste. Since metha-
nol-replacement is known to preserve the (water-saturated) original
pore structure /5/, especially the finer part of the pore structure
as pointed out by Bager /47/ using CAL, and since the first drying/
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resaturation stabilizes the pore structure /34/, it is believed that
CO, -free drying is less severe to pastes, which have been exposed to
drying/resaturation treatment prior to complete drying.

Furthermore, it appears that for dried/resaturated specimens, the
effect of drying method decreases when W/C increases (figures 4.2.2B
and 4.2.2D).

From figures 4.2.2A and 4.2.2C and table 4.2.3 it can be seen that
around 55 % and 80 % of the total volume (water porosity) is pene-
trated by mercury at final pressure at LBM for virgin, mature, CO,-
free dried HOC-pastes of 0.4 and 0.6 W/C, respectively.

For very mature ROC-paste of 0.4 W/C Bager and Sellevold /22/ found
that only 48 % of total water porosity was penetrated by mercury at
-final pressure, using the same apparatus.

As W/C increases from 0.4 to 0.6 a larger part of the total (water)
porosity seems to be penetrable to mercury. This is in agreement
with observations of other researchers /18,33/.

5.1.2.2 Effect of different laboratories

From figures 4.2.2A-D deviations between the two laboratories are
observed. The deviations seems significant, since they are larger
than deviations optained from triplicate MIP-test on identical
samples (figure 4.2.2E).

Bager and Sellevold found that the cumulative pore size distribu-
tion (from MIP) depended on the size of the MIP specimen. The dif-
ference was considerable when using powders (particle size less
than 0.5 mm) compared to chunks of several mm. Since the specimens
used in this investigation were nearly same size the difference be-
tween LBM and USA could not be explained by differences of specimen
size,

For all four specimens, MIP at USA intruded a significant lower vo-
lume at final pressure, even though final pressure at USA (60000
psi (413.7 MPa)) was larger than at LBM (50000 psi (344.7 MPa)).

The deviations between curves of USA and LBM is most significant in
the high pressure (small pore radius) region. In this region the
USA-curves flattens out, while the LBM-curves proceeds upwards, in-
dicating further intrusion (pore volume).

The phenomena was also reported by Serensen /25/, and Bager and
Sellevold /22/, using the same apparatus.

The observed further intrusion at LBM might be caused by alteration
in the contact zone between mercury and hydraulic oil giving an a-
malgamated material having a lower electrical conductance than bulk
mercury. This phenomena is not observed at USA, possibly because
another principle is used for measurement of intruded volume.
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This phenomena is more likely caused by the way equilibrium is be-
ing established at each pressure step. At LBM, equilibrium is as-
sumed, when 2 minutes has elapsed and no further intrusion is obser-
ved. Typically, 30 pressure steps is used at LBM to reach the ulti-
mate pressure. At USA, the intruded volume is measured almost conti-
‘niously, since continious pressure generation is applied.

Even though the observed deviation between the two laboratories
seems significant the author would not consider this to be conclu-
sive, since uncertainties other than the purely instrumental ones
may have contributed.

As mentioned previously, HCP pore structure is very sensitive to
changes in moisture conditions. Accordingly, the apparent differen-
ce between the two laboratories should be tested using a material,
in which the pore structure is stable towards changes in moisture
conditions as for instance porous vycor glass (PVG). Hence, it
could be concluded that a difference between laboratories seems to
exist using HCP, but no definitive conclusion can be made unless a
comparative test is performed using PVG.

However, one of the most important purposes of this project is the
comparison of CAL to other relevant methods using commercially a-
vailable equipment and thus not the ultimative comparison between
different MIP-equipment.

5.1.3 N2-SORP and H20-SORP

For all four pastes investigated, the influence of drying method on
the adsorption-/desorption isotherms is clearly seen from figures
4.2.3A-D.

Hence, it is observed that drying from the methanol saturated state
seems to have at least two effects on the sorption isotherm compared
to drying from water saturated state.

Firstly, at low values of p/p, the amount of adsorbed nitrogen is
remarkably larger for specimens which are dried from methanol satu-
rated state. This is indicative of a larger specific surface of the
methanol replaced specimens compared to specimens which have been
dried directly from the water saturated state.

Secondly, the hysteresis between the adsorption- and the desorption-
isotherm is much more pronounched for the methanol replaced speci-
mens. This means that methanol replacement compared to drying from
the water saturated state to a larger degree preserves the inkbottle
pores of the original pore structure.

From volume-thickness (V-t) plots detailed knowledge of pore struc-
ture can be extracted /2,33,35,36/.

In figure 5.1.3.2a three different and representative V-t-plots are
shown (curves A, B and C).
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Accordingly, the initial straight line - common for A, B and C - of
the V-t-plot indicates adsorption at free surfaces and the slope of
this straight line is equal to total surface area (Sy.).

Furthermore, an upward deviation from the initial straight line
indicates capillary condensation (curve A and partly curve B), while
a downward deviation indicates the presence of micropores (curve C
and partly curve B).

In the pore size range of capillary condensation, KCC-analysis (as
described in section 3.3) is appropriate.

In figure 5.1.3.2b is shown how the volume of micropores could be
estimated graphically from a V-t-plot indicating the presence of
micropores.

In figures 5.1.3.1A-D the effect of different drying methods on the
V-t-plot, from the adsorption branch of the nitrogen isotherm, is
shown for each of the 4 pastes. In table 4.2.5 Sy; is shown.

For all four pastes it is observed from figures 5.1.3.1A-D that
methanol-replacement seems to preserve the micropores, while CO, -
free drying from the water saturated state seems to cause a col-
lapse of micropores, since only capillary condensation is observed.

From table 4.2.5 it is observed that BET-surface area by nitrogen,
Sget (N, ), and total surface area, Sy, are in good correspondance.
According to /50/ this means that the applied t-curve is reliable.
Both Sg¢1 (N,) and Sy; increases when specimens are dried from ssd-
methanol state, compared to drying from ssd-water state. Sgp; (N;)
and S;; also increases when W/C increases from 0.4 to 0.6, but de-
creases when specimens are submitted to drying/resaturation.

It is also observed that BET-surface area to water, Sz (H,0), is
larger than Syt (N,). The reason for this can be explained by the
higher accessibility of H, O-vapour molecules into the narrow pore
entrances due to the fact that the H, O-molecule is smaller than the
N, ~-molecule. Furthermore, the H,O-molecule has a strong dipole mo-
ment in contrast to the N, -molecule; water can therefore enter
narrower pores than nitrogen.

5.2 Pore structure stability

5.2.1 CAL at IBM and CBL

In this section, ice formation of different HCP-blends measured by
CAL are compared qualitatively. In section 5.5 the ice formation
measured by CAL will be used in a more direct way to make quantita-
tive calulations of pore size distributions in such a way that pore
size distributions calculated by CAL (according to section 3.1.1)
could be compared to those optained from MIP and N2-SORP.

In this section, the correlation between freezing point depression
and pore size will only be used qualitatively. Thus, freezing at
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low temperatures will indicate the presence of small pores and free-
zing at higher temperatures will indicate the presence of larger
pores in the pore system.

From figure 4.4.1 (CAL at LBM) it is observed that less ice is for-
med at higher temperatures for virgin mature ROC-paste compared to
virgin mature SAC- and PFC-paste. Thus, virgin ROC—paste has a re-
latively smaller amount of larger pores compared to virgin SAC- and
PFC-paste.

For ROC-paste, the addition of different plasticizers or superplas-
ticizers (figure 4.4.2A) have almost no effect on ice formation,
although the superplasticizer of the naphthalene sulphonated type
seems to increase the amount of ice formed at higher temperatures
and decrease the amount of ice formed at lower temperatures compa-
red to both the reference (without additive) and other additives.
This seems to indicate that this superplasticizer produces larger
pores in ROC-paste compared to the other additives investigated.

For SAC-paste, the addition of different plasticizers or superplas-
ticizers (figure 4.4.2B) seems to increase the amount of ice formed
at higher temperatures and decrease the amount of ice formed at lo-
wer temperatures. This indicates, that larger pores are formed when
plasticizers and superplasticizers are added to SAC-paste.

For the PFC-paste, the effect of adding different plasticizers and
superplasticizers can be seen in figure 4.4.2C. The addition of su-
perplasticizer of the naphthalene sulphonate type seems to produce
larger pores compared to both the reference and the other additives
investigated.

The main features of figures 4.4.1 and 4.4.2A-C are that the pore
structure is more influenced by the type of cement than by the type
of plasticizer or superplasticizer used. Furthermore, virgin cured
ROC-paste has a relatively smaller amount of larger pores compared
to both SAC- and PFC-paste.

The superplasticizer of the naphthalene sulphonate type seems to
give an increased amount of coarser pores compared to both the re-
ference paste and the other additives investigated, especially when
used with ROC and PFC.

From figures 4.4.3A-C it is seen that a drying/resaturation treat-
ment increased the amount of ice formed at higher temperatures at
the expense of the amount of ice formed at lower temperatures, in-
dicating a coarsening of the pore structure upon drying. It is also
observed, that the effect of a drying/resaturation treatment is
less pronounced for the PFC-paste (figure 4.4.3C) compared to both
ROC- and SAC-paste, since a large part of the ice formed at lower
temperatures in the virgin cured specimens also formed when the
PFC-paste had been dried/resaturated. This indicates, that PFC-
paste has preserved the fine part of the pore structure better than
both ROC- and SAC-pastes.

Normally, as seen for the other HCP-blends investigated here (figu-
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res 4.3.1A-J and L), calorimetric ice formation at low temperares
(corresponding to the peak at approximately -42 °C) decreases, and
ice formation at higher temperatures (corresponding to the amount
of frozen water at -20 °C) increases, when a virgin mature specimen
has been exposed to a drying/resaturation treatment prior to free-
zing. This was, as mentioned earlier (section 1.1.3) interpreted in
terms of a structural collapse of smaller pores upon drying from
the water saturated state, thus creating a more continious pore sys-
tem of larger pores.

5.2.2 MTP

From MIP-results (figure 4.3.2A) it is observed, that blends made
from different cements and with different W/C show different pore
size distribution.

The following points should be made with respect to 0.4 W/C pastes:

For pore sizes less than approximately 180 A BLC-paste had a marked-
ly higher porosity to Hg than other 0.4 W/C pastes investigated, e-

specially when compared to the BILAG3-paste, which displayed the lo-
west porosity of all 0.4 W/C pastes.

The higher porosity of BLC-paste compared to other pastes investi-
gated is expected, since BLC contains inert filler.

The observed low porosity of BILAG3-~paste could to some extend be
explained by a higher degree of hydration of this paste compared
to the other pastes (as indicated from weight loss upon ignition,
W, , for CAL-specimens shown in table 4.3.1).

As expected, lowering of W/C from 0.4 to 0.3 and 0.2 lowered the
porosity of the paste.

Details on the intrusion of each paste are easily seen on figures
4.3.2B-J, where the effect of drying/resaturating the specimen be-
fore preparation (drying and outgassing) for MIP also can be seen.

From the intrusion curves (figures 4.3.2B-J), apparently no systema-
tic effect of drying/resaturation is observed.

According to the CAL-results (section 5.2.1), it might be expected,
that MIP-specimens, which have been dried/resaturated would display
a coarser pore structure compared to virgin cured MIP-specimens.

This is true for some of the HCP-blends investigated by MIP. Other
dried/resaturated blends display a finer pore structure compared to
the companion virgin cured specimen. This is the case for SAC/0/0.3
and SAC/M/0.2, although the observed deviations between mature vir-
gin and dried/resaturated specimens could, to some extent, be ex-
plained by the deviations observed from the triplicate testing of
identical samples (figure 4.2.2E).

However, it must be remembered, that CAL is performed on saturated
specimens and MIP is performed on completely dried specimens. In
this way, specimens, which are conditioned (dried/resaturated) befo-
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re analysis are dried twice before MIP and only once before CAL.

Normally, the first drying of hardened cement pastes affects the
pore structure more than subsequent drying/rewetting.

5.2.3 N2-SORP

N2-SORP-results (figure 4.3.3A) display almost the same features as
already pointed out from the MIP-results.

The 0.4 W/C pastes are quite similar to each other, apart from the
BLC-paste, which is significantly more open to N, -molecules, and
therefore has a higher porosity than the other pastes.

Again, as observed from the MIP-results, lowering of W/C from 0.4
to 0.3 for ROC- and SAC- pastes also lowered the porosity of these
pastes.

A further decrease in W/C from 0.3 to 0.2 decreased the porosity
of the SAC-paste but had apparently no effect for the ROC-paste.

Details of the N2-SORP-results for each blend are easily seen on
figures 4.3.3B-K, where the effect of drying/resaturating the spe-
cimen before preparation (drying and outgassing) also can be seen.

As for the MIP-results no systematic effect of drying/resaturation
is observed, but some dried/resaturated blends displayed a finer
pore structure compared to the companion virgin cured blend. This
is the case for BLC/0/0.4.

5.2.4 Final discussion

Results from these preliminary studies on pore structure stability
towards a drying/resaturation treatment investigated by the various
techniques of CAL, MIP and N2~-SORP seems to indicate, that certain
blends are preferable to others.

From the investigations at LBM, PFC-paste is found to have preser-
ved a rather large part of the finer pores. This is probably cau-
sed by the incorporation of the relatlvely large volume of flyash
particles in the cement.

Norwegian investigations /40/ have found that concrete made from a
special Off-shore cement (P30-4A) displayed good- pore structure re-
sistivity towards drying/resaturation.

This cement was also tested in this project (figure 4.3.1L).
Compared to the other cement pastes (figures 4.3.1A-K), the P30-4A
paste does not show any outstanding resistivity towards drying/re-

saturation.

However, on the basis of the promising results reported in /40/ it
was decided to investigate this type of cement further.
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The main features of this preliminary survey of commercial available
cements are that the incorporation of flyash seems to improve the a-
bility of the material (hardened cement paste) to withstand a rather
strong pseudo-climatic influence (50 °C and 11 % r.h for 3 days).

The description and the results of the investigations‘that have been
carried out on the basis of these preliminary studies are contained
in a confidential report.

5.3 Additional investigations

From figure 4.5.1A it is observed that the water vapour diffusion

coefficient, k4 (90), is not largely influenced by the type of addi-
tive, although it seems that adding superplasticizer of the naphtha-
lene sulphonate type to PFC-mortar gives significantly higher k; (90)

It is seen from figures 4.5.1A-B, that 0.4 W/C mortars without ad-
ditives, shoved almost the same k, (90), despite of differences in
workability.

Figure 4.5.1B shows that both drying/resaturation and increasing
W/C from 0.4 to 0.6 seems to increase Xk, (90). The effect of increa-
sing W/C seems to be larger than the effect of drying/resatution,
when looking at 0.4 W/C mortar. Furthermore, it can be seen that
drying/resaturation of the 0.4 W/C ROC-mortar causes an increase in
kg (90), which is about twice the increase observed when PFC- and
SAC~-mortars are dried/resaturated. '

From figure 4.5.2A it is observed that the water permeability coef-
ficient, K(90), is not largely influenced by the type of additive,
although adding of superplasticizer to SAC-mortar seems to increase
K(90).

From figure 4.5.2B it is seen, that increasing W/C from 0.4 to 0.6
increases K(90). It is also observed that drying/resaturation of
the 0.4 W/C mortars increases K(90) for ROC- and SAC-mortar, while
K(90) for PFC-mortar is nearly unaffected by the drying/resaturation
treatment.

From table 2.2.5.1 it could be calculated that the volume of paste
in the 0.4 W/C mortar investigated by Rosenbom and Waldstrem /13/ is
greater than the volume of paste in the 0.4 W/C mortar investigated
by Holland /12/.

In table 4.5.1 it is observed that apparently comparable mortars
from these two investigations on permeability nevertheless displays
consistent differences. The 0.4 W/C mortar of low paste volume (and
very low workability, /12/) displays a smaller water permeability
(K(90)) than apparently comparable 0.4 W/C mortars of relatively
higher paste volume (and normal workability, /13/).

Because of the complexity of the concrete technology it seems almost
impossible to relate the pore structure of plain cement paste to the
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practical behavior of concrete, the latter naturally being of prima-
ry importance in the building industry.

In practical concrete the pore structure of the plain cement paste
volume is modified by aggregates (sand, stone, fibres etc.). Around
each aggregate a transition zone is formed, having an anisotropic
and most often less dense pore structure than bulk plain cement pas-
te.

When comparing ice formation in 0.4 W/C mortars (figures 4.5.3A-C)
to ice formation in comparable 0.4 W/C cement pastes (figures
4.4.3A-C) it is observed that even in virgin cured mortars ice is
formed at higher temperatures (above -10 °C). For virgin cured 0.4
W/C HCP no ice is formed until around -20 °C. This means that the
ice formed in mortar at higher temperatures represents the volume
of pores associated to the transition zone, having a larger porosi-
ty than the bulk plain cement paste.

From figures 4.5.3A-C on calorimetric ice formation of 0.4 W/C mor-
tars it is observed that the ability of PFC-paste to preserve the
fine part of pore structure upon drying/resaturation (discussed in
section 5.2.1) also holds for PFC-mortar when compared to ROC- and
SAC-mortars.

Thus, a certain consistency of the results is revealed: Upon drying/
resaturation, PFC-mortar displays high degree of pore structure sta-
bility (a relatively high amount of small pores were preserved) and
therefore only a small increase in water transport, as expected.

5.5 Cocalibration of CAL, MIP and N2-SORP

In this section the possibility of comparing low temperature micro-
calorimetry to MIP and N2-SORP in a more direct and quantitative way
(as described in section 3.1.1) will be discussed using the very ma-
ture (8 years) HOC-pastes.

In this project and in the past CAL has primarily been used as a
tool for the relative comparison between ice formation of different
hardened cement pastes.

Except on single occations /19/ in the past, CAL-data has not been
used to actually calculate the pore size distribution. By cement
paste researchers this distribution has most frequently been mea-
sured by the extensive use of MIP and N2-SORP.

Even though the techniques of MIP and N2-SORP have been used for ma-
ny decades and the precision and automatisation rapidly proceeds on
the instrumental side, it could be argued that these techniques from
an objective point of view still have some shortcomings on the theo-
retical side.

The MIP-model assumes the pore system to be a number of circular tu-
bes connected in series with the tube near the surface of the mate-
rial. The open pore system in hardened cement paste is highly com-
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plex with a high amount of "bottlenecks" representing narrowings of
characteristic sizes in the pore system.

Consequently, as the analyzis is performed and as the Hg-pressure is
increased yet smaller pores are penetrated. As the bottlenecks are
penetrated the pore volume behind the bottleneck is penetrated too
and this volume will be taken into account as representing the ‘pore
volume of pores having a pore diameter corresponding to the diameter
of the bottleneck.

In this way MIP overestimates the volume of smaller pores due to
bottlenecks in the pore system.

Another source of uncertainty of the MIP-model rests in the problem
of estimating the contact angle, 0, between mercury and the pore
wall. Even though that values of 117° or 140° often are used in the
literature, at least two factors may contribute to the uncertainty
of optaining a precise estimate for 6.

Firstly, the necessary drying before measurement most likely alters
the properties of the pore wall and therefore 6 must depend on how
the material has been dried before measurement. Secondly, it also
seems likely that the properties of the mercury (and perhaps also
the pore wall) changes as pressure is increased during an analyzis.
Therefore 6 might also depend on Hg-pressure.

on the other hand, CAL also have some shortcomings. As both MIP and
N2-SORP, CAL is an indirect method of pore structure characteriza-
tion and - as it was mentioned in INTRODUCTION - such methods only
measures a substitutional property and this property is then trans-
formed into pore size by means of a theoretical equation. Measured
properties as Hg-pressure, nitrogen relative vapour pressure and
freezing point depression is transformed into pore size for MIP,
N2-SORP and CAL, respectively.

The different assumptions for the theoretical equation linking pore
size and freezing point depression were discussed previously in sec-
tion 3.1.1. In addition, it should be mentioned, that CAL durlng
cooling overestimates the volume of the smaller capillaries since
water held in bottleneck pores freezes in accordance to the size of
the bottleneck. This type of overestimation is also seen when MIP
(intrusion) and N2-SORP (desorption) are applied.

It can be seen from figure 4.2.6A, that for very mature virgin 0.4
W/C paste there seems to be bad accordance between the pore size
distribution calculated from CAL-data and those calculated from MIP
and, especially, N2-SORP.

The CAL-derived curve is both steeper and covers a more narrow pore
size range than the curves derived from MIP and N2-SORP.

However, it does not seem reasonable and realistic to compare the
pore size distribution of the virgin (never allowed to dry) CAL-spe-
cimen to the pore size distribution of both MIP- and N2- SORP-speci-
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mens, which have been dried totally from the virgin water saturated
state (or dried from methanol-saturated state) before the measure-
ment.

A more realistic comparison is displayed in figure 5.5.1A, in which
the MIP- and N2-SORP-curves are identical to the ones in figure
4.2.6A. However, the CAL-curve displayed represents a specimen,
which have been dried (3 days at 50 °C and 11 % relative humidity)
and then resaturated.

In figure 5.5.1A it is observed that the CAL-derived curve seems

to be in relatively good accordance with the MIP-curve (LBM), repre-
senting a specimen, which have been totally dried from the water sa-
turated state. Furthermore, it seems that CAL is in much more agree-
ment with MIP than with N2-SORP. However, CAL seems comparable to
both MIP and N2-SORP.

It is also observed that for very mature 0.4 W/C paste N2-SORP dis-
plays a much coarser pore size distribution than MIP when CO, ~-free
drying from the water saturated state is used as drying method.

In figure 5.5.1B the pore size distribution calculated from relevant
CAL-data (for a dried/resaturated specimen) are compared to MIP- and
N2-SORP-derived curves for very mature 0.6 W/C pastes.

It is observed that the pore size distribution derived from CAL-data
seems comparable with the curves of both MIP and N2-SORP.

For very mature, dried/resaturated 0.4 W/C paste (flgure 4.2.6B) the
pore size distribution calculated from calorimetric ice formation
during cooling is not as steep as for the companion virgin specimen
(flgure 4.2.6A), since ice formation for the dried/resaturated spe-
cimen is more gradual and covers a wider range of temperatures (1 e.
poresizes) compared to the virgin specimen.

In contrast to 0.4 W/C pastes it is observed for the very mature,
virgin cured 0.6 W/C paste (figure 4.2.6C) that MIP displays a
coarser pore size distribution than N2-SORP. This is also seen for
the dried/resaturated 0.6 W/C paste (figure 4.2.6D).

Figure 4.2.7A-D exemplifies that pore size distribution curves are
highly sensitive towards changes in the parameters of the different
techniques (contact angle, surface tension, thickness of adsorbed
or unfrozen layer at surfaces).

The only difference between figures 4.2.6A-D and figures 4.2.7A-D
is that the contact angle 6 used in the transformation of MIP-pres-
sure to pore size is changed from 117° to 140°, the latter being
used as frequently as 117° in the literature.

This increase in contact angle moves the MIP-curves shown in figure
4.2.6A-D to the right. Figure 4.2.8 shows this effect more clearly.

It is seen, that this decreases (for 0.4 W/C pastes) and increases
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(for 0.6 W/C) the difference between MIP- and N2-SORP curves for
specimens, which have been CO, -free dried from the water saturated
state.

It has been shown that CAL-derived pore size distributions could be
made using a calculation technique comparable to Kelvin Capillary
Condensation Analysis. However, for comparable specimens, the best
agreement between CAL and other methods was observed for 0.4 W/C
pastes and then only when compared to MIP.

It is also obvious that CAL cannot estimate the distribution of

pores above a certain size, since for higher temperatures (large
pore sizes) the measurement of ice formation cannot be performed
in any greater detail using the current test procedure.

In this project it has been tried, for very mature HCP, to compare
CAL directly with MIP and N2-SORP by means of cumulative pore size
distributions.

From this comparison (figures 5.5.1A-B) it is observed that some
agreement was observed, mainly between CAL and MIP.

Although the best agreement was observed for very mature 0.4 W/C
HOC-paste, and even if some disagreement was observed for the lar-
ger pores (pore diameter larger than approximately 80 A) it must
be concluded from figures 5.5.1A-B that pore size distribution
calculated from CAL are comparable to the pore size distributions
optained from MIP and N2-SORP, when comparable specimens are used.

Furthermore, in this context, CAL has the great advantage compared
to both MIP and N2-SORP that it could be used to describe the origi-
nal (and undisturbed) pore structure of primary interest - the true
pore structure.

However, CAL is restricted to the lower pore size range and should
be combined with other relevant methods to give a complete picture
of the pore structure.

5.6 Total porosity

In this section the total porosity of very mature (8 years) HOC-
pastes will be discussed.

At high degree of hydration as is the case for these specimens

(8 years) MIP alone cannot measure the total pore volume of HCP
(especially not for W/C = 0.4 or below). Despite of the very high
pressure applied, Hg cannot enter the micropores. To describe the
micropores it is necessary to use N2-SORP and subsequently V-t-
analysis as shown in section 5.1.3 and figure 5.1.3.2.

Hansen and Almuhaideem /33/ have tried to account for the pore volu-
me missing when MIP is used alone. These researchers estimated and
measured the bulk density, p 4, of well hydrated Portland cement
pastes by application of solvent (methanol) replacement and by com-
bining the pore volumes optained by N2-SORP (miropore volume) and
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MIP. They assumed that the pore volume of pores having a diameter/
size larger than 40 A& could be measured by MIP (using a contact
angle, 6, of 140°).

Hansen and Almudaiheem found that the estimated and the measured
bulk density agreed very well and they concluded on the basis of
these findings that the misssing pore volume could be accounted for
by using methanol replacement and N2-SORP for the estimation of the
micropore volume.

This author has performed similar estimates of pgg, (see table
5.6.1) and subdivides the pore volume at 30 A in pore diameter, al-
though it is possible to reach approximately 26 A when performing
MIP at LBM (using 6 = 117°). The diameter of 30 A was chosen, since
V-t-analysis (figure 5.1.3.1A-D) seems to indicate that micropore-
filling stops at this stage. Consequently, the microporevolume is
taken as the intercept at the V-axis of the tangent line going
through t = 30/2 = 15 & in the V-t-plot (figures 5.1.3.1A-D) in
accordance with /35,36/ and figure 5.1.3.2.

From table 5.6.1 it is observed that the measured and estimated bulk
densities are in agreement (with the unexplainable exception of the
values for the 0.6 W/C dried/resaturated paste).

Thus, it has been shown that the total porosity of these very mature
HOC-pastes only can be accounted for by the application of methanol
replacement and by subsequently combining the pore volumes optained
by MIP and N2-SORP.

The present findings are in agreement with the previous and original
results of Hansen and Almudaiheem /33/.
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6. Conclusion

In this Industrial Research Education Programme the following main
goals have been reached:

a. Pore structure characterization techniques:

- Facilities for CAL and N2-SORP have been established at CBL.

- Different techniques have been tested and compared (MIP, CAL,
N2-SORP and H20-SORP) .

- Testing Manuals have been made at CBL and LBM (co-author).

b. Drying techniques:
- Facility for CO,-free drying has been established at CBL.
- Different techniques have been tested and compared (CO,-free
drying from water- or methanol-saturated states).
- Testing Manual has been made at CBL.

c. A systematic survey on pore structure characteristics of
different cements:

- Effects of drying/resaturation, water-cement-ratio, plastici-
zer, superplasticizer and flyash have been investigated.

d. A systematic survey on pore structure and water transport
characteristics of mortars:

- Effects of drying/resaturation, water-cement-ratio, workabi-
lity, plasticizer, superplasticizer and type of cement have
been investigated.

From these investigations the main conclusions are:

6.1 Methods of drying and pore structure characterization

a. Pore size distributions calculated from low temperature microca-
lorimety are comparable to pore size distributions optained from
either mercury intrusion porosimetry or nitrogen sorption analy-
sis when comparable specimens are used.

b. Measurements of ice formation by low temperature microcalorimetry
at both CBL and LBM showed good correspondance.

c. From volume-thickness plots (nitrogen sorption analysis) it was
found that drying from the methanol-saturated state preserves
the micropores, while drying from the water-saturated state de-
stroyed the micropores.

d. Drying from the methanol-saturated state caused less disturbance
of the pore structure than drying from the water-saturated state.
This was shown by mercury intrusion porosimetry and nitrogen
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sorption analysis.

e. Total porosity of very mature 0.4 and 0.6 W/C HOC-pastes can be
accounted for by the application of methanol replacement and by
subsequently combining the pore volumes optained by MIP and N2-
SORP.

6.2 Pore structure stability

a. In a systematic survey of the pore structure features of diffe-
rent cement pastes made from 8 different commercial cements it
was observed using low temperature microcalorimetry that especi-
ally Portland flyash cement (PFC) displayed a high degree of pore
structure stability upon drying/resaturation.

6.3 Additional investigations

a. In a survey on the possible correlation between pore structure
(characterized by lowtemperature microcalorimetry) and water
permeability (characterized by inverted-cup method) of cement
mortars it was established, that PFC-mortar showed a higher de-
gree of pore structure stability and a lower increase in water
permeability upon drying/resaturation as compared to both ROC-
and SAC-mortar.
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Product name

Active components

Dry-matter

Abbreviation

Conplast 212

Sikament-NA

Sikament-FF

Sodium glukonate

L

N

M

ignosulphonate

aphthalene

elamine

Hydroxycarboxylate
sulphonate

sulphonate

36 % by

38 % by
41 % by

30 % by

wt.

wt.

wt.

wt.

LS

HC

Jable 2.1.3.1: Chemical additives.
LS and HC are plastisizers.
N and M are superplastisizers.
FRACTIONS (mm)
0 - 1/4 1/4 - 1 1 - 4
Amount passing
(%) the screen
(mm) :
32.000 100.0 100.0 100.0
16.000 100.0 100.0 100.0
8.000 100.0 100.0 100.0
4.000 100.0 100.0 100.0
2.000 100.0 100.0 35.7
1.000 100.0 29.0 0.4
0.500 100.0 0.1 0.1
0.250 98.0 0.0 0.0
0.125 8.0 0.0 0.0
0.075 0.0 0.0 0.0
Grain density,
dry kg/m3 2647 2638 2597
Absorption, % 0.1 0.21 0.38
Table 2.1.4.1: Sieve analysis, density and absorption

of quartssand from CBL.

For
zone
were

0

1/
1

optaining a

2 (British Standard),
(% by weight):
- 1/4 mm: 16.67 %
4 - 1 mm: 33.33 ¥%
- 4 mm:

50.00 %

sand grading within
the fractions
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W/C = 0.4 W/C = 0.6
A/cb = 4.8 A/C = 2.5 A/C = 4.5
Holland /12/ R & W /13/ R & W /13/

Cement (PFC) kg/m3 400.0 591.0 377.4
Additive?d
Water kg/m3 160.0 2368.71 230.2
Aggregate:

0 - 1/4 mm kg/m?3 307.6 246.1 282.8

1/4 - 1t mm kg/m3 614.9 491 .7 565.0

1 - 4 mm kg/m3 922.5 736.4 846.6
Slump mm - 83 S0
Cement (ROC) kg/m3 400.0 598.3 380.5
Additive?d :
Water kg/m3 160.0 242 .6 232.1
Aggregate:

0 - 1/4 mm kg/m3 311.4 249 .1 285.1

1/4 - 1 mm kg/m3 622.4 497.9 569.9

1 - 4 mm kg/m3 934.0 745.8 853.5
Slump mm - 78 72
Cement (SAC) kg/m3 400.0 600.9 381.3
Additive?d
Water kg/m3 160.0 243 .6 232.7
Aggregate:

0 - 1/4 mm kg/m3 312.4 250.1 285.8

1/4 - 1 mm kg/m3 624.6 499 .9 571.1

1 - 4 mm kg/m3 937.0 748.6 855.3
Slump mm - 100 60

Table 2.2.5.1: Mix-proportions and slumps for cementmortars.

4 Additives, if any, were used in the same dosages
as for HCP-specimens (section 2.5.4)
b.A/C = Aggregate-cement-ratio by weight
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Drying Resaturation
Exposure 50 °C and Water Water Saturated
11 % r.h. (vapour) (liquid) limewater
Pressure 2.4 torrJ|atm. |17.5 torrjatm. |17.5 torr {150 atm. atm.
Time of until
exposure, testing
days 3 3 4 3 3 1 ( > 2 )

Table 2.3.3.1: Standard scheme for drying and resaturation of HCP-
specimens.
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(Labora-
tory)
w/C Pssd Yde Wes €
Specimen
g/cm3 9/9dry| 9/9dry |% by vol.
(LBM)
#1.3 V 1.999 - 0.226 36.8
#1.5 D/R 1.997 0.057 0.226 36.8
0.4
(CBL)
#1.4 V 1.999 - 0.203 33.7
#1.6 D/R 2.001 0.0468 0.207 34.3
(LBM)
#7.3 V 1.774 - 0.405 51.1
#7.1 D/R 1.774 0.066 0.414 51.9
0.6
(CBL)
#7.5 V 1.773 - 0.384 49 .2
#7.2 D/R 1.773 0.048 0.392 49.9

Table 4.2.1: Physical characteristics for CAL-specimens

V are virgin specimens
D/R are dried/resaturated specimens

Pssdq = saturated, surface dry density

Wde = residual water content after drying at
50 °C and 11 % r.h. for 3 days

total evaporable water content
porosity

¥es
€
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(MIP-
laboratory)
w/c Pssd Wde “esb
Specimen
g/cm3 | 9/9gpry| 9/94ry |% by vol.
(LBM)
#1.3 V 2.00 - 0.226 36.9
#1.5 D/R 2.00 0.057 O‘ZZﬁ 36.9
(LBM)?
#1.3 V 2.00 - 0.217 35.7
#1.5 D/R 2.00 0.057 0.220 36.1
0.4
(USA)
#1.4 V 2.00 - 0.203 33.7
#1.6 D/R 2.00 0.044 0.207 34.3
(CZE)
#1.4 V 2.00 - 0.205 34.0
#1.6 D/R 2.00 0.048 0.204 33.9
(LBM)
#7.3 Vv 1.77 - 0.405 51.0
#7.1 D/R 1.77 0.066 0.414 51.8
(LBM)3
#7.3 V 1.77 - 0.381 48 .8
#7.1 D/R 1.77 0.067 0.415 51.9
0.6
(USA)
#7.5 V 1.77 - 0.384 49 .1
#7.2 D/R 1.77 0.048 0.392 49 .8
(CZE)
#7.5 V 1.77 - 0.371 47 .9
#7.2 D/R 1.77 0.065 0.414 51.8
Table 4.2.3: Physical characteristics for MIP-specimens.

8 Pried by methanol-replacement prior to

MIP

b Specimens for MIP at LBM are dried at LBM,

the
Pssd»

rest

Wde>

are

Yes

dried at CBL.
and € are defined

in

table 4.2.1
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Specimen Drying Pssd Wes Vde €
method
g/cm3 9/94ry 9/9gry |¥ by vol.
COZ—free 2.00 0.203 - 33.7
HOC/0/0.4 v
Methanol 1.99 0.201 - 33.3
CO,-free 2.00 0.207 0.046 34.3
HOC/0/0.4 D/R
Methanol 1.99 0.203 0.056 33.6
COp-free 1.77 0.384 - 49 .1
HOC/0/0.6 v
Methanol 1.79 0.349 - 486.3
CO0,-free 1.77 0.392 0.048 49 .8
HOC/0/0.6 D/R
Methanol 1.77 0.389- 0.053 493.6
Jable 4.2. Physical charateristics for N2-SORP-specimens
- not available
Pssd saturated, surface dry density
Wde = residual water content after drying at
50 °C and 11 % r.h. for 3 days
Weas total evaporable water content
€ = porosity
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Specimen JDrying SBET(NZ) SBET(HZO) SVt(NZ)
method
mzlgdry mzlgdry mzlgdry
COz—free 45.5 - 48.7
HO0C/0/0.4
Methanol 129.0 142.7 122.8
Coz—free 33.4 - 32.5
HOC/0/0.4 D/R
Methanol 75.6 133.9 79.7
COZ-free 73.7 - 82.9
HOC/0/0.6
Methanol 169.1 142 .8 184.2
CO0,-free 62.8 - 51.1
HOC/0/0.686 D/R
Methanol 113.1 138.1 111.8
Table 4.2. Specific surface area according to the BET-

method for
Total
plot from

SpeT(H20) s
at 11 and 33

both nitrogen-
surface area,
nitrogen

Svito

calculated from the water

% r.h.

- Not measured.

and water
according to

adsorption.

adsorption.

the V-t-

adsorption
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Explanatory text for tables 4.2.6A-D

)3

2

Awtf

Buwy ¢

Awpf

Qs

As

Dw

Temperature (°C)

Freezing point depression (°C)

Amount of frozen water (g/gdry) read from the cumulative ice
formation curve

Kelvinradius (A) of the solid/liquid meniscus (from section
3.1.1)

The unfrozen layer (A) at surfaces (from section 3.1.1 or
section 5.5)

Pore radius (A) = r¢ + t ¢

Mean value (A) of two pore radii in a temperature interval
Change in unfrozen layer (A) in the temperature interval
Change in amount of frozen water (glgdry) in a temperature
interval

-Change in amount of unfrozen water (g/gdry) in a temperature

interval:

Awtf = Atnf' Z Asp
Change in amount of frozen capilliary condensed water (glgdry)
in a temperature interval.

Assuming circular cylindrical pores:

L\wkf = AVIf il Awtf

Change in pore volume (g/gdry) in a temperature interval.
Assuming circular cylindrical pores:

ﬂwpf = ﬂwkf-(rp/rK)z
Change in pore surface area (glgdry/A ~
suming P = 1 g/cm3).
Assuming circular cylindrical pores:

104'm2/9dry' as-

Asp = 2'(Awpf/;;)

Cumulative pore surface area (104'm2/gdry1. Initially,

2 Asp = 0.

Cumulative pore volume (g/gdry - cm3/gdry, assuming
p =1 g/cmd)
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SpeT(N2)., m2/gqry
Specimen COp,-free dried Methanol-replaced

ROC/0/0.4 ) 29.3 58.7
ROC/0/0.4 D/R 23.7 57.9
SAC/0/0.4 v 31.9 -
SAC/0/0.4 D/R 27 .9 -
HOC/0/0.4 v 15.3 67 .4
HOC/0/0.4 D/R 17.5 62.9
BLC/0/0.4 v 26 .3 -
BLC/0/0.4 D/R 21.2 -
oPC/0/0.4 v 20.8 -
oPC/0/0.4 D/R - -
BILAG3/0/0.4 v 53.3 -
BILAG3/0/0.4 D/R 27.5 -
ROC/0/0.3 v 6.3 -
ROC/0/0.3 D/R 9.1 -
ROC/M/0.2 v 11.3 -
ROC/M/0.2 D/R 5.3 -
SAC/0/0.3 v 16.5 -
SAC/0/0.3 D/R 13.8 -
SAC/M/0.2 ) 3.6 -
SAC/M/0.2 D/R 10.9 -
1P30-4A/0/0.4 ) - 28.
P30-4A/0/0.4 D/R - 28.

Table

4.3.3:

Specific

BET-surface

area,

calculated from

branch of the

the adsorption
therm for specimens
drying or

- not measured

dried by either
methanol-replacement.

nitrogen iso-
CO0,-free
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Figure

2.2.1.1
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VP
VM2
OF | CT Q Licl
V4
--000 — v2 T
| |
. Vi V3
. | 1 vacuum oven
A
VM1
Fiqure 2.3.1. Experimental setup for'COZ—free drying.

Vvi-va4
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Valves

0il mist filter

Condensate trap

Vacuum meters

Vacuum pump
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Figure

3.

1.1A:

Experimental setup for CAL at,CBL.

Main components are:

. Calvet microcalorimeter

Reservoir (100 1) for ligquid nitrogen
Nz—gas

. 611 Controller

Calibration unit

. Gas circulation unit

. PC

. Plotter

. Vacuum pump

W o0 N OO ;D WN =




100

CELL INTRODUCTION
4 I TUBES

S INTRODUCTION LN

TN
A

INSULATION

AN
v

[T
JHL
[T

CALORIMETER BLOCK

HEATING WIRES
THERMOPILE
SAMPLE CELL

REFERENCE CELL

Fiqure 3.1.1B: Calvet lowtemperature microcalorimeter
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8.00

COOL

6.00

(1/K/ Baet)

4.00

Cp,nomlnal

T T

60 -5  -40 -3  -20 2 10 20

RP
Temperature (°C)

8.20

HEAT

6.0 -

(J/K/gsad)

4,00

Cp.nominal

60 -5@ -40 -38 -20 o 10 20

-10
Temperature (°C)

Figqure 3.1.2: Example of heat capacity curves optained during both
cooling (COOL) and heating (HEAT) for CAL.
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Figqure 3.2.1:

: Diagram of porosimeter
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Fiqure 3.2.2: Sample cell of the porosimeter. Consists
of sample holder (A) and cap (B).
From /24/.
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Fiqure 3.2.3: Measurement of intruded mercury volume.
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Figure 3.3.1: Nitrogen sorption apparatus.

Main components are:

1. Test chamber with cooling bath and
sample container (burette)

. Reservoir for liquid nitrogen

Heating box for outgasssing

PC

Plotter
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Figure 3.6.2: Three phases of the weight loss curve

Evaporation front
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Cumulative pore volume curves . 143
MIP LBM (CO.—free drying)
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Fiqure 4.3.2A: Cumulative pore size distibutions from MIP at LBM for
different mature, virgin cured HCP-blends.




144

“dIN 03 Jopad Burhkup @2auy4-209 Aq pauap

uaag @Aey suawmioadg -‘umoys s| (uorjeuniesad/buthup)
futuop3tpuod jo 30344@ @yl -23sed-30¥ J/M v°0 B4njeuw
JOS WE1 2° JIW WOL} uUOL3INQLAISEp @21s ds0d dA(je|NWNY

(V) snipeJasaod
ool ° Lol Q1

S 2 S 2 ] 2 -]
- | ST S T T S| 1 Pe1 a1

1

I

3J4nNb{J

& nmw).l 0.»ﬂmmmu1 X

pejednijesal/poLi(] essee
UISIIA cecoo

¥'0/0/004

(Suilap 9813-230D) W1 dIN
S8AIND sUIN[oA aJ0od sAlje[nuiIny)

000
-£0°0
-50°0
- 600
AN
~51°0

-81°0

-vZ'0

- LSO

-0

SWINJOA

(“Jpﬁ/gmo)



145

*dIW 03 4o0iud BuLtkap 9aau4y-209 Aq pat4p

usaq aAey suawloadg -umoys s| (uoijeaniesaa/buihkap)
fujuoy3zpuos jo 308449 2yl -d3sed-Jys I/AM 0 24njeuw
40} WQ1 3® dIW Wody uotanqidisip 9z¢s adsod 3Aaizeinun)

(V) snipeasiod
%%1% 2" ool ° Ll 0l

lig a1

S

dJ4Nb T4

pojeaniessl/poLi( esees
UISIIA ceoco

¥'0/0/0VS

(Suridap o013-20D) W1 dIN
S9AIND SWIN[oA aJod aaAlje[nuwn)

5%

- £0°0

- 900

- 600

—Zl o

=l

~-81°0

-vco

—LC0

-QL'0

2UWINJOA

(MPS/SUIO)



146

*dIKWH 03 d4otpad Buihap 23u44-203 Aq patup

usasaq aAey suawiosadsg *umoys s| (uoizeuaniesas/builup)
Butuo}p3Lpuos 30 3098438 ayL "23sed-J20H I/M v°0 d4n3eu
JOJ WE1 22 dIW wouy uopingiaisip @zis adod aAllejnuwn)

(V) snipeasiod
%%%%)" gool ° Qa1 gl

iy

i

1

*de"e v oJdnbiyg

pejeiniessl/poLi] sssee
UISIIA ceeeo

$'0/0/00H

(Suthap @813-20D) W1 dIN
S9AIND SWIN[oA aJod sArje[nuwIn)

L
000
500
90 0
40 0 OA
P
L2 m
_g,g O
g g o~
o
Lz D
///
_v2o 0R
Q.
1
B
20
L oc o



147

uaagqg aAey
Bujuoi3ipu
403 WG 3e®

“dINW 03 Jopdd Bufhkap 88343-203 Aq pajap
suawioadg "umoys s| (uojjeuanzesaua/buihuap)
05 jo 398449 ay)] ‘@a3sed-37g J2/M v°0 @24n3eU

dIW WOJ4S UOLINQLLIS|P 324

(V) snipedaiod
° @9l

a40d aAtre|NUN) :Jg €% BJNBLJ

gl

1 N N O

pejeinlessl/poLi( ssese
UIdIIp ceooo

$'0/0/0714d

(durfap o2a1-%0D) WHT dIN

S9AJIND SsWIN[OA 9J0

aAl}e[nWIN)

%7

- &0 0

- 60 0

<l o

=1

—8l°0

-0

— /20

- 90°0

- QT 0

STIN[OA

(“PB/SUJ::))



148

usagq aaAey
fujuoL3puoo
404 WEB1 1®

*dIW 03 J4o0puad Buthup a8u4-209 4Aq patLJap
suswioads ‘umoys s| (uojrzeusniesasa/Bujhup)
40 19983439 ay)] -a3sed-¢oy718 I/A $°0 Bd4njeuUw

dIW wod4y UuUOL3INQLiJLISLp BZLS

vaL 1

(Y) snipeds.aod
° Qa1

aa40d aAy3e|NWN)

0l

ity

1

tde’eTy @J4nbi g

L

pojeaniessl/poli( seess
UIsir) cecco

$°0/0/€9V1Id

(Futdap eo13-20D) WAT dIN

S9AJINO 2UWINJOA 3d0

SAT}R[DLWUNY)

Qoo

BREZY/

- %0°0

— 600

Y Z

-39l 0

—8l°0

-P2O

/270

-L'0

SWIN]OA

(‘“pﬁ/gmo)



149

“dIN 03 Jdotad BurLhkup @22434-¢09 Aq patap

usasaq aAey suawioads ‘umoys st (uojizeuaniessaua/bBuithup)
Bujuoi3Lpuoo jo 308349 Byl -'a83sed-J08 O/M €°0 @dnjew
40) W8T 3°® dIW wWody uoiinglLdisip 8zis auod aAatje|nun)

(V) snipedsgod

0ol ol

LY L %775

‘DgTeTy @4anbid

pojeiniesal/poLi(] ssees
UI3IIA ceeco

£'0/0/004

(Butdap so1j—20)) WHT dIN
SOAIND SWINJOA 3J0d 2SATFeR[NUWIN))

—t B O

- &0

- %00




150

*dIW 03 J4otad Burhap a944-209 Aq paj4p

useq @aAevYy suawisadg -umoys s| (uojpjeuniesasa/builup)
fujtuoy3puod jo 399339 ay) ‘ajsed-Qys I/M €°0 @d4njew
403 WE7 3%° dIW wWOoJy uoLingiu3sip 8zys asod aAatie|nun)

(V) snipeJatod
© 2l ol

"He ey 240D

pejeaniessal/pali( seses
UISJIIA ceoeo

£'0/0/0VS

(Sutfip 99013-20D) NI dIN
S9AIND SWIN[OA a8J0d sAlje[NWUN)

— 5

-£0°0

- 90°Q

- 600

-cl'0

-39l '0

-81°0

- P20

—4C°0

-0

SWIN[OA

(%8 / uo)



151

“dIN 03 aotad Buphkup 88u44-209 Aq payjuap

uaaq 2AeYy suauwioadg ‘umoys si (uojrjeunzesas/butkap)
Bujuoyi3ztpuod jo 399448 8yl -'a3sed-3ys I/MN 20 @4niew
404 WET1 3 JIW WOU} uUOLINQLA3ISLP @2}S aaod aAaljefnun)

Amv sSnipeJslod
ol ol

‘e’ ¢ @24nb L5

— Q00

pajeIniesal/paLi] ssses
UISIIA ceoeo

2'0/M/OVS

(Sutkip #213—20D0) WdT dJIN
S9AJIND aWIN[oA aJgod sAlje[nuiny)

R 7Y

-90°0

- 600

AZ

=1

—8l°0

—lc0

LR

—LC°0

-0C"Q

SWIN[OA

Ve

3

0Q

/¢

(AJp



152
Cumulative pore volume curves
N.—sorption
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"Figure 4.3.3A: Cumulative pore size distributions calculated from tﬁe
desorption branch of the nitrogen isotherm for diffe-
rent mature, virgin cured HCP blends.
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Start program
Indtast prevevegt
Udskrivning af tabel-
overskrifter

(ML e ,E?,R{,k,f;]
. [Bereqn T{ =fiRb); E=EN—EF]
: I
A (73 -Ti P =0000%86 |
: 4 NED '
A ti-ti > 99 | :
' Iwe
|(Ei -Ei-12 29907 P2y
NEJD
|
NEJ )
A E -Eiq)®> 299.107 e

Beregn Cpplsand); Cppinominel;
T; dqi/df; Zq;; PR N

&
Udskmift
Alle x,-verdier ®ndres
H x.-,-v:erdier

Figqure 5.1.1.2B: Procedure and criteria for sorting data
from CAL at LBM (Fontenay /18/).
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