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EARLY AGE STRAIN RECOVERY OF HARDENED

CEMENT PASTE —- MICROSTRUCTURAL FACTORS
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*Institute for Research in Construction, National Research

Council of Canada, Ottawa, Canada, K1A OR6

SYNOPSIS

The total strain and strain recovery-time response of hardened cement paste subjected to
a sustained load was followed using impedance spectroscopy. An immediate increase in
the high frequency arc diameter on removal of the load was interpreted in terms of
microstructural behavior. The nature of the strain recovery characteristics were observed
to be strongly dependent on the water-cement ratio. Aspects of a strain recovery

mechanism based on re-adsorption of water on unloading are discussed.

Keywords: Strain recovery, C-S-H structure, AC impedance, Pore solution.



1. Introduction

Total strain recovery (creep and shrinkage) and creep recovery are important quantities in
the design of concrete elements subjected to variable stress. Analysis of creep recovery
data has formed the basis for arguments concerning the mechanism of creep itself.'
Issues concerning the relevance of reversible and irreversible components of creep and
their relationship to microstructural processes occuring during recovery are central to
continuing research on the subject. Significant differences in the nature of creep and
creep recovery have been reported.” These include the dependence on strength and the
properties of cement used.

Models for the response of concrete to the combined effects of drying and sustained load
have been advanced.” These generally relate to the quantity of water residing in the
microporous C-S-H structure. There is at the present time, however, no reliable method
of establishing the equilibrium state and distribution of water in pores of concrete under
applied stress. It has been shown that impedance spectroscopy techniques are sensitive to
microstructural changes due to both hydration and the application of a sustained load.*
The objective of this work was to re-examine the strain recovery process for hardened
cement paste (subjected to a sustained load) using impedance spectroscopy techniques.

A clearer understanding of the role of water was sought.



2. The 96% RH Environment

The experimental results in this investigation were obtained in a CO, free environment
maintained at 96% RH. The choice of this humidity is discussed in the following
paragraphs.

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.” The amount of water desorbed at 96% RH is only about
six per cent of the D-dried mass of the cement pastes. The concept of D-drying was first
introduced by Copeland and Hayes.® It referred to drying of cement paste by outgassing
to the vapor pressure of dry ice at —=79°C (0.5 x 10~ mm Hg). Most of the capillary pores
continue to contain some bulk water at 96% RH. 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.”



3. 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, hydration
and creep.4 An idealized impedance spectrum for a cement system is plotted in the real
versus imaginary plane, Figure 1 (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. The high-
frequency arc (HFA) is attributed to the bulk cement paste impedance behavior and the
second arc is due to the cement paste-electrode surface capacitance contribution.® The
intercepts R; (at the high-frequency end, at c. 20 MHz-7MHz) and R; + R, (at the
minimum between the electrode arc and bulk arc, at frequency c. 100 MHz) are
important parameters providing information related to cement paste microstructure.
Interpretation of an impedance spectrum (IS) usually involves modeling with an
equivalent circuit (Figure 1 (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.”'” The network of these conducting pores continuously changes during the drying
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process. This change can be detected in A.C. impedance spectra.''"”

Christensen
et.al.'® 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. have shown that in mortar samples the water adsorbed by capillary

suction forces has a significant influence on the electrical response.'’



Previous investigations®”” 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®' cannot be described by the classical Debye equation
employing a single relaxation time.”>* A dispersive, frequency-dependent element or

426 can be introduced to account for the shape of

so-called constant phase element (CPE)
the depressed complex plot. The impedance contribution of this element can be

expressed as follows:

Z(CPE)=A]'(jw)™ (1)

where n = 1-2/n - 04 and ay4 is the depression angle parameter. 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.



4. Experimental Program

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 = 0.50. The Portland
cement had the following composition in percent: SiO; (20.72); Al,Os (5.87); FeyOs
(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); C3A (10.4) and C4AF (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 was placed
between two large magnets.”” 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 year 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. The Coupled A.C. Impedance — Strain Measurement System

The A.C. impedance shrinkage strain (unloaded) and total strain (loaded) 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 under
load increased. Details of the experimental device as well as detail of the ‘T-shaped’

specimen-electrode connection interface are provided elsewhere.”®

6. Total Strain and Strain Recovery Tests

Samples were saturated surface dry and directly used for test without any further

treatment. The following experiments were conducted:

» Shrinkage measurements on unloaded specimens from saturation to about 96%
relative humidity.

* Total strain measurements from saturation to about 96% RH under sustained load (at
a stress-strength ratio = 0.30) 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.



* Real-time A.C. impedance spectra determination for unloaded paste samples

hydrating under wet conditions (100% RH).

7. Results and Discussion

Total Strain and Strain Recovery

Typical curves of total strain (creep + shrinkage) of hardened cement paste (w/c = 0.35;
subjected to a sustained load) versus time are plotted in Figure 2. The test was performed
in a CO, free environment at 96% RH. The age at loading varied from 18 to 30h. The
applied stress — strength ratio was 0.30. Creep recovery curves are also shown after
unloading at 3 days. Total strain at 3 days and values of the immediate strain recovery on
unloading are given in Table 1 for pastes prepared at both w/c = 0.35 and 0.50.

The results in Table 1 indicate that the total strain and immediate strain recovery increase
significantly with age at loading for the w/c = 0.35 paste. Concurrent with this is only a
small increase in the degree of hydration (0.349 to 0.379). The total strain is larger for
the more porous w/c = 0.50 paste at 18 and 24 hours. Although the degree of hydration is
higher (about 0.401 and 0.420) the total strain is larger reflecting the influence of the
increased porosity. The magnitude of strain recovery for the w/c ratio = 0.50 paste
remains similar at the three test ages. The total strain and strain recovery at 30 hours is
less than that for the w/c = 0.35 paste indicating that the higher degree of hydration for

the w/c = 0.50 paste (0.450 at 30h) begins to be the dominant factor controlling behavior.



8. Impedance Analysis of Total Strain and Strain Recovery Behavior

Descriptors of the microstructure of hardened cement paste can be derived from
characteristics of the high frequency arc (HFA, as described earlier) in the impedance
plane. The size of the high frequency arc diameter is dependent upon porosity, pore size
and pore fluid conductivity. It has been shown by several authors that the HFA diameter
increases in size as hydration progresses."” It also increases in size due to the application
of a sustained load or exposure to drying with moisture loss to the environment).*

The HFA diameter was obtained as a function of time (up to 172 hours) for unloaded and
loaded specimens maintained at 96% RH and for unloaded specimens kept continuously
saturated i.e. at 100% RH, (Figures 3, 4). The loaded specimens were unloaded at 3 days.
The HFA diameter increased immediately after unloading and continued to increase at a
slower rate for the duration of the test. This increase in HFA diameter at the beginning of
the strain recovery process is of particular interest. The increase is not attributed to
microcracking processes as the application of a load at a stress-strength ratio of 0.30 is
below the microcracking limit.”” The application of the applied load would seem to have
the effect of redistributing the water within the paste microstructure.’®®  The
characteristics of the strain recovery curves for the w/c = 0.35 paste (Figure 3) can be
rationalized as follows. On unloading, the pore structure adjusts resulting in re-
adsorption of the adsorbate in the fine pores and moisture transfer from the larger pores.
The readjustment is rapid, the microstructure stabilizes and the strain recovery curves
rejoin the curves for the unloaded specimens drying at 96% RH. The pore coarsening

effects that are known to occur on drying do not appear (in the case of the w/c = 0.35



paste) to have been irreversibly affected by the sustained load. The set of curves at each
loading age are qualitatively similar suggesting that the strain recovery process is similar.

The strain recovery characteristics of the w/c = 0.50 paste are quite different than those of
w/c = 0.35 paste. The relative position of the various curves is strongly dependent on the
age at loading (Figure 4). The HFA diameter curve (at 18h) for the unloaded (shrinkage
at 96% RH) specimens is significantly displaced (to higher values) from the curves for
specimens loaded (at 96% RH) and unloaded (maintained at 100% RH). The total strain
curve at 24 hours occupies an intermediate position with respect to the unloaded
(shrinkage at 96% RH) curve and the curve representing continuous hydration (unloaded)
at 100% RH. The total strain curve at 30 hours lies close to the unloaded (shrinkage at
96% RH) curve. There is a large immediate recovery value of the HFA on unloading. It
exceeds the value for the unloaded shrinkage curve by a substantial amount. Larger
amounts of C-S-H are present in the w/c = 0.50 pastes (higher degree of hydration) than
in the w/c = 0.35 pastes. Re-adsorption on unloading should involve a greater amount of
water transfer to finer pores and the greater resistance observed in the impedance spectra.

The change in the relative positioning of the total strain curve (with age at loading)
towards a close proximity with the unloaded curve suggests that the dominating effect of
porosity on microstructural response shifts to a dominance determined by the degree of
hydration. The strain recovery curve at 30h has about a 100% increase in the value of the

HFA. This suggests the re-adsorption effect is significant.



Conclusions

Microstructural changes affecting the total strain of hardened cement paste subjected
to a sustained load at early ages can be studied in real-time using impedance
spectroscopy.

The immediate strain recovery of hardened cement paste (at an early age) on removal
of a sustained load can also be characterized by impedance spectroscopy.

An immediate increase in the high frequency arc diameter (HFA) of the impedance
spectrum is observed on removal of a sustained load from hardened cement paste.
The increase in HFA diameter is possibly due to re-adsorption of water into the fine
pore structure of the paste.

The nature of the strain recovery characteristics (at an early age) of cement paste is
strongly dependent on water-cement ratio. The microstructural response (at w/c =
0.35) on loading appears to be nearly reversible (the HFA is recoverable) on
unloading. This is not the case at w/c = 0.50 where the immediate recovery of the
HFA size exceeds that of the original unloaded samples.

Re-adsorption of water (on unloading) through mass transfer to the finer pores of the
cement paste can account for increased resistance and values of the HFA diameter on

unloading specimens.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

(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;, Ry, and C, are high-frequency
resistance, solid-liquid interface resistance and capacitance. R and Cgy are
cement-electrode interface charge transfer resistance and double layer
capacitance.

Total strain (creep + shrinkage) of hardened cement paste (w/c = 0.35) while
conditioning at 96% RH and loaded at different ages of hydration.

High frequency arc diameter versus time curves for unloaded and loaded
hardened cement paste (w/c = 0.35). Specimens tested at 96% RH and loaded
at: (a) 18h; (b) 24h; (c) 30h.

High frequency arc diameter versus time curves for unloaded and loaded
hardened cement paste (w/c = 0.50). Specimens tested at 96% RH and loaded
at: (a) 18h; (b) 24h; (c) 30h.
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Figure 1. (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 resistance and capacitance. R. and Cy are cement-electrode interface charge

transfer resistance and double layer capacitance.
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Figure 2. Total strain (creep + shrinkage) of hardened cement paste (w/c=0.35) while

conditioning at 96% RH and loaded at different ages of hydration
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Table 1: Total strain and strain recovery.

W/C Age at Loading (h) Total Strain Immediate Recovery
(ue) (3d)
18 700 400
0.35 24 1150 800
30 2200 1500
18 1650 400
0.50 24 1600 300
30 1250 350




