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ABSTRACT

The effect of three pre-drying treatments (prior
to re-saturation with synthetic pore fluid) on time
dependent deformation was investigated.

The pre-drying treaments comprised methanol
and isopropanol exchange (followed by vacuum
heating at 37°C) and vacuum drying at 37°C alone.
Real-time changes in microstructure due to
sustained load were followed through the coupling
of an a.c. impedance frequency analyzer with a
miniature loading system.

Cement paste specimens were in the form of T-
shaped columns with minimum thickness value
around 1 mm. The impedance analysis included an
assessment of the relevance of the high frequency
arc depression angle to creep and shrinkage
behavior of cement paste.

1. INTRODUCTION

Despite the extensive number of publications on
deformation and creep of cement paste, mortar and
concrete, no satisfactory theory for the time-dependent
chemical and physical processes responsible for creep
has been universally accepted [1,2]. An excellent
review of the mechanisms of creep and shrinkage is
provided by Neville et al. [3]. A detailed description
of the mechanisms will not be provided here. There
remains however, a dichotomy of opinion concerning
the role of water in the creep process. Water
movement is considered either an essential element or
a secondary factor [4,5]. Descriptions of creep
mechanisms often correspond to conceptions or
models of the calcium silicate hydrate microstructure
[6]. Powers has suggested that creep of cement paste
is caused by a diffusion of the load-bearing water as
an external load changes the free energy of the

RESUME

L effet de trois traitements de pré-séchage (suivi
d’une resaturation avec une solution interstitielle
synthétique) sur les déformations différées a été
investigué.

Les traitements de pré-séchage consistes au
sechage sous vide a 37°C d’éprouvettes avant et
apres immersion dans un solvant (méthanol ou
isopropanol). Les modifications causées par la
charge appliquée sur la microstructure étaient
suivies en temps réel par le biais du couplage d’un
analyseur de fréquences d’impédance avec un
systeme de chargement miniature.

Les éprouvettes de pdte de ciment étaient de
petites colonnes en forme de T ayant une épaisseur
minimale d’environ 1 mm. L’analyse des spectres
d’impédance inclue une évaluation de la pertinence
de ’angle de dépression sur le fluage et le retrait de

la pate de ciment.

absorbed water [7]. This view referred to as the
‘seepage’ theory is argued on the assumption that
cement paste is a microporous ‘gel-like’ material.
Movement of water is an intrinsic feature of the
mechanism. Feldman has suggested that creep occurs
through the gradual crystallization or aging of the
layered C-S-H leading to an increased amount of
layering [8]. Water movement was not considered a
major mechanism.

Recently electrical methods, e.g. A.C. impedance
spectroscopy, have shown promise as tools for
characterizing microstructural development in cement-
based materials [9-27].  Analysis of the spectra
provides pore structure information. The objective of
this study was to obtain real-time descriptions of
microstructural change during creep and shrinkage of
cement paste through the coupling of time-dependent
deformation and impedance measurements. In
addition the use of the solvent exchange process as a



microstructural probe was investigated in order to
provide additional insight into creep behavior. The
experiments were designed to further understanding of
creep mechanisms in cement-based materials.

2. DRYING OF HYDRATED CEMENT
PASTE

The drying of hydrated Portland cement paste was
the subject of considerable debate in the 1960's and
1970's due to its relevance to the development of
models for the structure of C-S-H [28]. A primary
issue was whether or not water was capable of re-
entering the layered structure subsequent to drying.
This had not only structural implications but also
relevance to the validity of applying classical sorption
theory to the cement paste — water system.

The concept of D-drying was first introduced by
Copeland and Hayes [29]. It referred to drying of
cement paste by outgassing to the vapor pressure of
dry ice at -79 °C (0.5x10° mm Hg). They stated that it
took from 4 to 7 days for equilibrium to be reached.
This involves drying from fairly wet conditions to the
removal of both the tightly held first layer and the
even more tightly held interlayer water from the very
narrow spaces. The slower than normal times required
for equilibrium of water during the adsorption stage is
probably due to the lengthy process of re-opening the
layers.

The 11% RH condition corresponds to
approximately a monolayer of coverage [30]. Other
drying conditions described in this paper are
intermediate between the D-dry state and the
equilibrium position at 11%RH. Feldman established
an equivalent to D-dry method using a vacuum
electrobalance and thermal balance techniques [31]. It
was determined that vacuum degassing at 105°C for 3
hours was equivalent to D-drying. This corresponds to
a mass loss of 8 to 9 % based on the D-dried state.

The drying pre-treatments described in this paper
are as follows:

(1) D-dry - this stage was attained using the equivalent
drying method described above.

(2) Vacuum drying at 37°C for 24 hours - this 'soft
drying' procedure is equivalent to P- drying [32].
P-drying refers to drying to the vapor pressure of
Mg(ClO4)22H20 or Mg(ClO4)24H20 ie. 8X10_3
mm Hg. At this vapor pressure there is about
14% more water retained by the paste than by D-
drying.

(3) Solvent exchange using methanol or isopropanol
followed by vacuum drying at 37°C. The solvent
replacement is effective in removing the bulk of
the evaporable water. Subsequent vacuum drying
provides a state intermediate between D-drying
and P-drying.

The relative states of drying described above can
be illustrated by the differential TGA (DTGA) traces
in Figure 1. It can be observed that the hydrated
cement paste sample that has been vacuum dried at

105°C for 3 hours (D-dried) will lose a larger amount
of water than the sample that has been vacuum dried
at 37°C for 24 hours. The variation of mass change is
similar for both drying methods up to 105°C. From
105°C to about 180°C the derivative change indicates
that the D-drying may have a greater effect on the
structure of C-S-H than drying at 37°C. A comparison
of the TGA results for the D-dry specimen to those for
the vacuum dried specimen (37°C for 24 hours)
indicates that the latter contains 2.2% (based on
ignited weight) more water than the former at 180°C.
The curves for the saturated specimens all display
significant changes in the derivative values. The
significance of these curves is discussed later in
section 5.3.
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Fig. 1 — Derivative mass change of hydrated cement paste
(w/c=0.50) after re-saturation with synthetic
pore solution subsequent to different drying pre-treatments.

The relevance of the different pre-treatments lies
in the degree to which water is removed below the
monolayer level and to its implication for volume
change. The relevance of the solvent exchange
process for creep is given in section 3.

Drying to 96% RH

A characteristic of the water sorption isotherm for
cement paste is that the desorption branch (in the high
humidity region) is less steep than the adsorption
branch as a result of the large secondary hysteresis
[31]. The amount of water desorbed at 96% RH is
only about six per cent of the D-dried mass of the
cement pastes. Most of the capillary pores continue to
contain some bulk water. Those pores that empty
would still have adsorbed films on their surfaces.

A.C. impedance spectra are readily obtained when
equilibrium is attained at 96% RH as the system is still
effectively percolated. The objective of choosing a
test humidity of 96% RH was to provide a test
environment for both creep and shrinkage
measurements (shrinkage, although small, will occur
due to meniscus effects) while minimizing any
significant decrease in percolation. Changes in the
spectra are readily detected during the equilibrium
process. It is well known that the menisci do not
completely rupture until about 45% RH where there is
a marked effect in the length change desorption
isotherm due to elastic rebound [6].
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3. THE RELEVANCE OF SOLVENT
EXCHANGE TECHNIQUES FOR
CREEP INVESTIGATIONS

Several studies of the microstructure of cement
paste describe solvent exchange with methanol as a
technique that 'preserves' the wet-state structure of the
material [33,34]. For example, large decreases in
surface area do not result subsequent to the removal of
methanol. An implicit assumption in these studies is
that the solvent does not interact with C-S-H. This
may not be correct [35]. The 'preservation' capacity of
the solvent exchange process is relevant to creep
investigations as the 'in-situ' microstructure may be
more closely approximated. Complete drying does
not occur in practice. The accompanying collapse of
the C-S-H structure due to water removal is therefore
more moderate.

The 'preservation' of C-S-H structure on drying is
also influenced by the solvent exchange process.
Powers reported that even a slow drying of a cement
paste to 79% relative humidity increases its water
permeability 70 times suggesting the effect would be
even greater if drying to equilibrium at a lower
humidity had occurred [36]. Studies by Parrott on the
effect of drying history upon the exchange of pore-
water with methanol corroborates Powers observations
and suggests that drying even to intermediate
humidities causes a partial collapse in the smaller
pores and a corresponding increase in the volume of
the largest pores [37]. This supports the assumption
that the total porosity is relatively constant and that
only the pore size distribution is altered.

AC. impedance studies have also demonstrated a
pore coarsening effect on drying [27]. The impedance
spectra for cement paste (w/c=0.30) re-saturated with
synthetic pore solution subsequent to cycles of wetting
and drying undergo a systematic decrease in the size
of the high frequency arc to lower resistance values
(Figure 2) suggesting an increase in the mean pore
size. The pore coarsening effect was confirmed by
mercury intrusion data.
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a

Fig. 2 — AC impedance spectra for cement paste (w/c=0.50)
subjected to cycles of wetting/drying subsequent to re-
saturation with synthetic pore solution. Numbers indicate
the conditioning sequence. Data point are experimental;
solid lines are obtained from computer simulation [27].

The microstructural "preservation' effect (including
pore coarsening phenomena) of the solvent exchange
process is useful for studying the varying degrees of
microstructural collapse on the creep process. In
addition the exchange process affords the opportunity
of examining the 'dry-state' (obtained through different
procedures) and its effect on creep. Parallel studies on
the role of water in the creep process are on-going
[38]. This work examines the creep phenomena in
absence of water.

4. IMPEDANCE BEHAVIOR OF
CEMENTITIOUS MATERIALS

Impedance spectra recorded over a wide range of
frequencies (from 15 MHz to 1 Hz) have provided
new information and insight on cement paste
microstructure and hydration. An idealized impedance
spectrum for a cement system is plotted in the real
versus imaginary plane (Fig. 3(a)). A single arc in the
high-frequency range with a small part of a second arc
in a relatively low-frequency region is shown. It is
suggested that the high-frequency arc (HFA) is
attributed to the bulk paste impedance behavior and
the second arc is due to the cement paste-electrode
surface capacitance contribution [10].
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Fig. 3 — (a) Schematic plot of a high frequency arc in the
impedance complex plane obtained for cement paste
systems. (b) A simplified electrical equivalent circuit for
hydrating cement systems. R;, R, and C, are high frequency
resistance, solid-liquid interface and capacitance. R and
Cg4 are cement-electrode interface charge transfer resistance
and double layer capacitance.

The intercepts R; (at the high-frequency end, at c.
20 MHz-7 MHz) and R;+R; (at the minimum between
the electrode arc and bulk arc, at frequency c. 100
kHz) are important parameters providing information
related to cement paste microstructure. Interpretation
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of an impedance spectrum (IS) usually involves
modeling with an equivalent circuit (Fig. 3(b) until the
electrical response of the elemental microstructure of
the cement paste is well simulated.

Cement based materials generally contain a broad
size distribution of conducting pores [11,12]. The
network of these conducting pores continuously
changes during the drying process [13-15]. This
change can be detected in AC impedance spectra [13-
17]. In very dry materials the content of electrolyte is
not large enough to cover the internal pore surfaces,
Brantervick and Niklasson [18]. Hence the geometry
of the conductive network is changed depending on
broken links in the original network. Christensen et
al. [19] found the cement paste to be a complicated
composite conductor because its microstructure and
the conductivity of its pore fluid are interrelated and
time-dependent. McCarter et al. state that only the
free capillary water in mortar samples would require a
higher energy input to remove it from the gel surface.
in such mortar samples the water adsorbed by
capillary suction forces has been shown to have a
significant influence on the electrical response[20].

Previous investigations [21-23] have indicated that
impedance behavior of the hydrating Portland cement
system depends upon the ionic concentration of the
pore solution and porosity. The high frequency arc
diameter (or chord), R,, has been shown to be an
inverse function of porosity, mean pore size and ionic
concentration of the pore solution. In practice, an
ideal semi-circle is generally not observed in most
materials. It is normally an inclined semi-circle with
its center depressed below the real axis by a finite
angle referred to as the depression angle. This
behavior, normally associated with a spread of
relaxation times [24], cannot be described by the
classical Debye equation employing a single
relaxation time [25,26]. A dispersive, frequency-
dependent element or so-called constant phase
element (CPE) [39-41] can be introduced to account
for the shape of the depressed complex plot. The
impedance contribution of this element can be
expressed as follows:

Z(CPE)= A4, (jw)™ (1)

where n=1-04 and 04772 is the depression angle.
Therefore, n can be used to represent the degree of
perfection of the capacitor and represents a measure of
how far the arc is depressed below the real impedance
axis.

Influencing factors on the depression angle such as
a spread of relaxation times and non-Debye behavior
have been suggested [24,42]. A wider spread of pore
diameters can also be associated with a larger
dispersion angle [26]. The magnitude of the
depression angle reported for normal cement paste,
silica fume-Portland cement paste and porous glass is
28.5, 17 and 9° respectively. The time for the
reorientation of ions or relaxation time appears to be

affected by the geometry of the pores and the surface
chemistry of the solid. Pore size and pore surface
chemistry could limit the oscillation frequencies of the
hydrated ions a water molecules, which respond to the
applied A.C. signal. That is because a stronger ion-
ion interaction would be expected in small pores than
in larger ones. Therefore a broader pore size
distribution would result in a wide spread of relaxation
times corresponding to a larger depression angle.

Disturbed circuit elements are associated with two
types of physical interpretation. The first association
is directly with a non-local process, for example,
diffusion. The other arises because microscopic
characteristics such as interface properties and grain
boundary effects are themselves often distributed
throughout the material.

5. EXPERIMENTAL PROGRAM

5.1 Specimen preparation and
characteristics

The hydrated cement paste used for this
experimental study was made with type 10 Portland
cement mixed with de-aired distilled water at a
w/c=0.5. The Portland cement had the following
composition in percent: SiO, (20.72); AlLO; (5.87);
Fe,05 (3.07); CaO (62.66); MgO (3.46); SO; (2.18)
and free lime (0.24). The Bogue composition was as
follows: C;S (46.5); C,S (24.6); C5A (10.4) and C,AF
(8.3). The fineness of the cement was 340 m’/kg.
Vacuum mixing was carried out in hollow Perspex
cylinder 30 mm in diameter and 80 mm in length.
Mixing of the paste was carried out using a magnetic
stirrer placed inside the cylinder and the latter place
between two large magnets [43]. This ensured
homogeneity. The cylinders were slowly rotated
while the paste hardened in order to avoid bleeding
and resulting in a homogeneous product. Specimens
were demoulded after 24 hours and stored in lime
water at 22°C for up to two years.

The resistivity of the saturated cement paste at 2
years was about 35.2 Q.m. The compressive strength
at 28 days was 34.5 MPa. The stress-strength ratio for
the creep tests performed on 2 years old samples was
0.30. The samples were fabricated from paste
cylinders in order to obtain a ‘T-shaped’ specimen
about 1 mm thick with a height of 25.4 mm and a
flange width of 5.72 mm. A special jig was
constructed to facilitate the cutting of the specimens
with a precision saw.

5.2 Specimen pre-treatment
5.2.1 Untreated control samples

Samples were saturated surface dry and directly
used for test without any further treatment. The
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following experiments were conducted with the
control specimens.

. Shrinkage measurements from saturation to
about 96% relative humidity.

. Total strain measurements from saturation to
about 96% RH under sustained load for a
period of 3 days followed by strain recovery
measurements after the removal of the load.

. Real time A.C. Impedance spectra
determination associated with the shrinkage
test.

. Real time A.C. Impedance spectra
determination associated with total strain and
strain recovery tests.

5.2.2 Pre-drying

The initial pore solution conductivity was
determined by expressing pore fluid from the cement
paste using a hydraulic press and collecting it in a
syringe. Measurements were taken using a
conductivity probe. A synthetic pore solution was
prepared using saturated lime water to which
potassium chloride was added to obtain the same
resistivity as that of the pore solution of the cement
paste.

Treatment 1 (Drying at 37°C): Samples were
initially saturated surface dried, vacuum dried at 37°C
for 24 hours and then re-saturated under vacuum for
18 hours. Prior to the re-saturation process, the
samples were vacuum dried for 3 hours in a desiccator
at 1x10™* mm Hg.

Treatment 2 (Methanol Exchange): Water
saturated samples were soaked in methanol for 48
hours, vacuum dried at 37°C for 24 hours, then re-
saturated under vacuum for 18 hours. Prior to the re-
saturation process, the samples were vacuum dried for
3 hours in a desiccator at 1x10™* mm Hg.

Treatment 3 (Isopropanol Exchange): Water
saturated samples were soaked in isopropanol for 48
hours, vacuum dried at 37°C for 24 hours, then re-
saturated under vacuum for 18 hours. Prior to the re-
saturation process, the samples were vacuum dried for
3 hours in a desiccator at 1x10™* mm Hg.

The same experiments were conducted for all the
pre-dried specimens (three treatments) as were carried
out for the untreated control samples.

5.3 Differential thermogravimetric
analysis (DTGA)

DTGA curves were obtained using a Dupont 951
Thermal Analyzer. The DTGA curves for the control
specimens and those subjected to the three pre-
treatments are presented in Figure 1. They provide an
appreciation of the initial moisture state prior to
loading.

The appearance of two low temperature peaks (at
about 50°C and 105°C) has been associated with the
presence of bulk pore water and interlayer water [44].
The control sample exhibits two peaks at these

temperatures. Two peaks can also be discerned for
each of the pre-treated samples. They are much
broader. The peak at the higher temperature appears
to have shifted to a lower temperature i.e. about 75°C.
The pre-treatment (heat or solvent exchange) appears
to have perturbed the C-S-H structure. Removal of
interlayer water appears to begin at a lower
temperature.

5.4 Detail of coupled AC impedance —
creep measurement system

The AC impedance shrinkage and creep spectral
responses were carried out by mounting the ‘T-
shaped’ specimens on a fixed frame linking the
specimens to a load cell through electrode interfaces
which were connected to a Solartron 1260 frequency
response analyzer. The microstructural changes were
continuously monitored in a controlled relative
humidity environment as the time wunder load
increased. Figures 4 and 5 show the experimental
device as well as detail of the ‘T-shaped’ specimen-
electrode connection interface.

p\/ F‘g]e— - — Load cell
= F=—x1
E = - Spring
Computer b ==
—_
Frequency response analyser E <— Main frame
Solatron 1260 @E
I
= g — - -| -Ball bearing
o

- ~T-shaped specimen

pd—
4

95 mm—!

Fig. 4 — Experimental creep frame showing linkage of the
AC impedance measurement system.

Tefflon insulation

Stainless steel electrode
interface

T-shaped specimen

Fig. 5 — Detail of ‘T-shaped’ specimen-electrode connection
interface.

6. RESULTS AND DISCUSSION

The total strain-time curves for the cement paste
specimens (w/c=0.50, stress-strength ratio=0.30)
under sustained load at 96% RH are presented in
Figure 6. The rate of change of total strain in the first
20 hours is lower for the saturated control specimens
than the rates for specimens dried by heating or
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solvent exchange plus heating. The total strain at 72
hours is 320, 450, 515 and 600 pl for the control
specimens and those dried at 37°C, solvent exchanged
with isopropanol and solvent exchanged with
methanol respectively prior to re-saturation with pore
solution. Strain recovery for the control specimens
and those dried at 37°C or exchanged with
isopropanol prior to re-saturation with pore solution is
about 100 p. The value of strain recovery for the
methanol exchanged specimen is about 200 pld. The
increase in total deformation of the dried (37°C) or
solvent exchanged specimens may be partly due to the
pore coarsening effect. However, substantial evidence
has been presented that indicates methanol perturbates
(interacts with) the solid [35]. Nevertheless the
collapse of the C-S-H structure on drying prior to re-
saturation may occur to a lesser extent for pastes that
have undergone solvent exchange. This may be a
reason for the higher strain values observed.

600
£ 500 |
-
g
c 400
£ 300
s
8 2004 -
- ) —a— Reference (untreated)
2 5 —o— Dried at 37°C then resaturated
E 100 @, ~—a— Methanol, dried at 37°C then resaturated
: —oe— Isopropanol, dried at 37°C then resaturated
(O T T T T -
0 20 40 60 80 100 120

time, in hours

Fig. 6 - Total strain (Creep+Shrinkage) and strain recovery
of hardened cement paste (w/c=0.5) conditioned at about
96% relative humidity after re-saturation from different
drying pretreatment.

The shrinkage behavior of the re-saturated cement
paste in the first few hours is similar for all drying pre-
treatments, Figure 7. The isopropanol exchanged
specimens re-saturated with pore solution and the
control specimens shrink about 150-160 p after 120
hours. The re-saturated methanol exchanged
specimens and those dried to 37°C before re-
saturation shrink about 300 and 275 pO at 120 hours
respectively. The bulk of the shrinkage takes place in
the first 20 hours for all specimens. Methanol
exchanged results in both the largest total strain and
shrinkage for these specimens.

The drying creep curves (total strain - shrinkage
strain) are plotted in Figure 8. Solvent exchange and
drying at 37°C prior to re-saturation results in
significantly larger creep (e.g. at 72 hours).
Isopropanol and methanol exchange result in creep of
325 and 280 pl respectively. The specimens dried at
37°C have creep values of about 265 pull. The control
saturated specimens have a creep value of about 160
MO, considerably less than the treated specimens.

microstrain, in ym/m
o
o

Creep recovery at 120 days is 110, 170, 230, 125
pO for control specimens and those treated by 37°C
drying, methanol and isopropanol exchanges.
Methanol exchange results in the largest total strain,
the largest shrinkage and the largest creep recovery.
Creep of methanol exchanged specimens is also large
and approaches that of the isopropanol exchanged
specimens.
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—a— Methanol, dried at 37°C then resaturated
—o— Isopropanol, dried at 37°C then resaturated

T
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Fig. 7 - Shrinkage of hardened cement paste (w/c=0.5)
conditioned at ~96% relative humidity after re-saturation
from different drying pre-treatment.
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Fig. 8 - Specific drying creep of hardened cement paste
(w/c=0.5) conditioned at ~96% relative humidity after re-
saturation from different drying pre-treatment.

AC impedance spectra (real-time) were obtained at
96% RH for unloaded and loaded cement paste
specimens for all four pre-treatment conditions. The
magnitude of the high frequency resistance (HFR) and
the size of the high frequency arc diameter (HFA)
have been attributed to the properties of the pore
solution, pore size and pore network [21-23]. Only
the information provided by HFA will be presented
and discussed in this paper. Figures 9 and 10 are
Nyquist plots for shrinkage and total strain of
methanol exchanged specimens. Plots for all the four
pre-treatments are similar in character and are not
shown. The size of the high frequency arc increases
with time (up to 72 hours) in both cases for all pre-
treatments. The growth of the high frequency arc is
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also consistent with loss of moisture accompanying
shrinkage. About six percent (by mass of D-dried
paste) of capillary water is lost at 96% RH. The size
of the high frequency arcs for the unloaded specimens
is significantly greater than the corresponding arcs (at
each specific time) for the loaded specimens.
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Fig. 9 - AC impedance spectra: shrinkage of hcp methanol
soaked vacuum dried at 37°C and re-saturated with pore
solution (w/c=0.5); specimens conditioned at about 96%
relative humidity for 0, 1, 2, 3.66, 6.5, 9, 12.66, 24, 48, and
72 hours.
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Fig. 10 - AC impedance spectra: total strain of hcp methanol
soaked vacuum dried at 37°C and re-saturated with pore
solution (w/c=0.5); specimens conditioned at about 96%
relative humidity for 0, 1, 2, 3.66, 6.5, 9, 12.66, 24, 48, and
72 hours.

The growth of the high frequency arc diameter
(total strain conditions) for all the specimens subjected
to the four pre-treatments is plotted in Figure 11. The
size of the arc at 72 hours is in the following order:
Untreated > isopropanol exchanged > methanol
exchanged > drying at 37°C. The total strain (Figure
6) was in the following order: methanol exchanged >
drying at 37°C > isopropanol exchanged > untreated.
These results are consistent with the relative pore
coarsening effects (described earlier) due to the pre-
drying treatments. = The fact that the methanol
exchanged specimens and those pre-dried at 37°C
exhibited the smallest arcs and largest total strains
suggests that pore coarsening affects these samples to
a greater extent. Pore coarsening and subsequent re-
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saturation reduces overall resistivity relative to the
untreated specimens [27].

It is suggested that the smaller arc sizes for the
total strain sequences (compared to shrinkage) are
indicative of processes involving displacement
(slipping and sliding) of C-S-H sheets induced by the
applied load. This suggestion is supported by the
observation that creep of cement paste occurs even in
the dry state [38]. Previous work has shown that
loading cement paste up to about 50 percent of the
maximum load did not significantly affect the size of
the high frequency arc [45]. This suggests that
microcracking processes had little effect on the A.C.
impedance response (stress/strength ratio = 0.30)
obtained in these experiments.

45
40
35 |
30 |
25 1
20 |

15 §
10 —o— untreated
~—&— dried at 37°C
5 —a— methanol
—O— isopropanol

semi-circle diameter
R,, in ohms x 10°

0 12 24 36 48 60 72
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Fig. 11 - High-frequency semi-circle diameter R, after re-
saturation from several drying conditions during total strain
(Creep+Shrinkage) test at about 96% RH.

0 12 24 36 48 60 72
testing period, in hours

Fig. 12 - Difference between shrinkage and total strain
(creep + shrinkage) high-frequency semi-circle diameter R2
of cement paste (w/c=0.5) conditioned at about 96% relative
humidity.

Figure 12 is a plot of the difference in high
frequency arc diameter between the shrinkage and the
total strain impedance spectra at corresponding times.
The differences reflect the effect of the applied load
on creep. There is generally an increase in the
difference with time (except at early times (up to 4
hours) for the isopropanol exchanged specimens). At
24 hours the differences are in the following order:
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methanol exchanged > isopropanol exchanged >
untreated > pre-drying at 37°C. The large differences
for the methanol and isopropanol exchanged samples
are consistent with the large relative creep observed
for these specimens. There may be an enhanced
tendency for the relative displacement of the C-S-H
sheets at the microstructural level. The early decrease
in arc diameter difference with time for the
isopropanol exchanged specimens suggests that
sliding-slipping processes affecting displacement of
the C-S-H sheets may be delayed. In this case it
would appear that some pore compression (pore size
reduction) may occur in the early stages.

The depression angle parameter n=1-04 is plotted
against time for the cement paste specimens in Figure
13. The initial value of n is in the following order:
untreated > methanol exchanged > isopropanol
exchanged > pre-drying at 37°C. The order remains
the same after the first few hours with the exception of
n for the untreated specimen which decreases rapidly
between 2 and 6 hours reaching a value significantly
lower than for the treated specimens. This suggests
that initially the drying treatments perturbate (increase
the roughness) the surface. It has been suggested that
grain boundary effects in polycrystalline materials
contribute to the arc depression [46]. The dependence
of the arc depression has also been linked to fractal
characteristics of the surfaces [47,48]. The low values
of drying creep for the untreated specimens may be
related to the low values of the depression angle
parameter. As previously stated a broader pore size
distribution would result in a wide spread of relaxation
times corresponding to a larger depression angle. The
low value of creep for the untreated specimen is
consistent with a broader pore size distribution (no
pore coarsening) and hence larger depression angle
(smaller values of ). The fractal nature of the surface
may affect the slipping-sliding behavior of the C-S-H
sheets in cement paste under load. The relative
magnitude of the creep of methanol and isopropanol
exchanged specimens corresponds to a higher value of
the depression angle parameter, n. This is consistent
with smaller depression angles and a narrower pore
size distribution (pre-treatment leads to significant
pore coarsening).

The specific total strain rate versus time is plotted
as a log-log relation in Figure 14. Two straight lines
describe the data. The line for the untreated control
specimens lies below a line representative of the other
specimens. Ulm has demonstrated that the specific
creep rate is independent of loading time and degree
of hydration [49]. An important observation
supporting this was the co-linearity of the log creep
rate-log time curves. It was also demonstrated that the
long-term aging effect was characterized by a decrease
of the creep rate that was proportional to the inverse of
the material age. This would appear to suggest that
the rate determining mechanism is associated with the
behavior of the C-S-H sheets themselves, perhaps
involving a slipping and sliding process. This is

supported by the observation that D-dry cement paste
specimens were found to exhibit significant creep
[38].

0.6 1
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0.65 {1 —B— Dried at 37°C for 24 hours then resaturated
Iy —a— Methanol, dried at 37°C then resaturated
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Fig. 13 - Depression angle of the high frequency arc after re-
saturation from several drying conditions.
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Fig. 14 — Compliance rate of hardened cement paste
(w/c=0.50) conditioned at about 96 % relative humidity after
re-saturation from different drying pre-treatments.

7. CONCLUSIONS

1. The pre-drying of cement paste prior to re-
saturation with synthetic pore solution results in an
increase in the total strain with time due to the
application of a sustained load.

2. The increase in total deformation (under
sustained load) of the vacuum dried (37°C) or solvent
exchanged cement paste may be partly due to a pore
coarsening effect.

3. Methanol exchange appears to perturb the solid
phase of the cement paste to the extent that both total
strain, strain recovery and shrinkage have the largest
values in this study.

4. Creep of cement paste subjected to drying is
most affected by the solvent exchange pre-drying
treatment. This also applies to creep recovery.
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5. A.C. Impedance spectroscopy can detect real-
time microstructural changes in cement paste
unloaded or subjected to a sustained load.

6. There is a systematic time-dependent growth in
the size of the impedance high-frequency arc for
unloaded or loaded cement paste.

7. The size of the high frequency arc is consistent
with a pore coarsening effect in the cement paste due
to pre-drying treatment. Observation of the smallest
arcs corresponds with the largest values for total
strain.

8. Smaller high frequency arc sizes for total strain
measurements relative to the arcs obtained for
shrinkage measurements suggests that continuous
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