
Full document details: ACI SP-220-04

http://www.avadocuments.com/doc/aci-sp-220-04
http://www.avadocuments.com/doc/aci-sp-220-04


Full document details: ACI SP-220-04

http://www.avadocuments.com/doc/aci-sp-220-04
http://www.avadocuments.com/doc/aci-sp-220-04


Autogenous Deformation 
of Concrete 

Editors 
Ole Mejlhede Jensen 
Dale P. Benz 
Pietro Lura 

h 

international- 
SP-220 

Full document details: ACI SP-220-04

http://www.avadocuments.com/doc/aci-sp-220-04
http://www.avadocuments.com/doc/aci-sp-220-04


First printing, March 2004 

DISCUSSION of individual papers in this symposium may be submitted in accordance 
with general requirements of the AC1 Publication Policy to AC1 headquarters at the address 
given below. Closing date for submission of discussion is October 2004. All discussion 
approved by the Technical Activities Committee along with closing remarks by the authors 
will be published in the January-February 2005 issue of either AC1 Structural Journal or 
AC1 Materials Journal depending on the subject emphasis of the individual paper. 

The Institute is not responsible for the statements or opinions expressed in its publications. 
Institute publications are not able to, nor intended to, supplant individual training, 
responsibility, or judgment of the user, or the supplier, of the information presented. 

The papers in this volume have been reviewed under Institute publication procedures by 
individuals expert in the subject areas of the papers. 

Copyright O 2004 
AMERICAN CONCRETE INSTITUTE 

P.O. Box 9094 
Farmington Hills, Michigan 48333-9094 

All rights reserved, including rights of reproduction and use in any form or by any means, 
including the making of copies by any photo process, or by any electronic or mechanical 
device, printed or written or oral, or recording for sound or visual reproduction or for use in 
any knowledge or retrieval system or device, unless permission in writing is obtained from 
the copyright proprietors. 

Printed in the United States of America 

Editorial production: Lindsay K. Kennedy 

Library of Congress catalog card number: 2004103246 
ISBN: 0-8703 1- 143-3 

Full document details: ACI SP-220-04

http://www.avadocuments.com/doc/aci-sp-220-04
http://www.avadocuments.com/doc/aci-sp-220-04


PREFACE 

Autogenous deformation of concrete is the free deformation of sealed concrete at a 
constant temperature. A number of observed problems with early-age cracking of high- 
performance concrete can be attributed to this phenomenon. During the last 10 years’, 
this has led to an increased focus on autogenous deformation within both concrete 
practice and concrete research. Since 1996, there has been enough interest to hold yearly 
international conferences entirely devoted to this subject. 

The papers in this publication were presented at two consecutive half-day sessions at the 
American Concrete Institute’s Fall Convention in Phoenix, Arizona, October 2002. All 
papers were reviewed according to AC1 procedures. This publication and the sessions 
were sponsored by AC1 Committee 236, Material Science of Concrete. The 12 
presentations from eight different countries indicate the broad, global research efforts 
dealing with autogenous deformation, and the well-attended-of up to 90 people-show 
that this interest is shared by the general concrete community. Attendees left with an 
understanding of the complexity of the autogenous deformation of concrete. The 
sessions showed that cooperation and more research are needed. 

At the AC1 2002 Fall Convention, the international materiais research organization, 
RILEM, took steps to promote further research and cooperation within this area. Two 
technical committees held initial meetings with the involvement of many AC1 members. 
More collaborative research will be carried out! 

Copenhagen, Denmark, and Santa Cruz, Bolivia, October 2003. 

Ole Mejlhede Jensen 
Dale P. Bentz 
Pietro Lura 

I 0.Mejlhede Jensen & P.Freiesleben Hansen, “Autogenous deformation and RH-change 
in perspective,” Cement and Concrete Research, V. 3 1, No. 12,2001, pp. 1859- 1865. 
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SP-220- 1 

From Chemical and Microstructural Evolution 
of Cement Pastes t o  the Development of 

Autogenous Deformations 

by V. Baroghel-Bouny, P. Mounanga, A. Loukili, and A. Khelidj 

Sympsk A micro-macro experimental study has been performed, from the end of mixing 
up to several months, on a set of plain cement pastes prepared with the same type I 
ordinary Portland cement (OPC) and various water-to-cement ratios (WE), and cured at 
various constant temperatures. Chemical shrinkage, volumetric and one-dimensional 
autogenous deformations have been measured and analyzed in relation to the hydration 
process (degree of hydration of the cement á, Ca(OH), content, . . .) and to the 
microstructural characteristics of the material. The effects of the curing temperature at 
early age (< 24 hours) in the range 1O-5O0C, and of W/C in the range 0.25-0.60, have been 
investigated. The temperature-induced changes recorded on both the magnitude and the 
kinetics of volumetric autogenous shrinkage clearly show the irrelevance of using the 
usual maturity concept to describe such phenomena within the whole early-age period. In 
addition, a threshold is pointed out at about á = 7%, both defining the range where 
autogenous shrinkage is linearly related to á and corresponding to the precipitation of 
Ca(OH),. Moreover, a W/C threshold is pointed out both at the macro-level (autogenous 
deformations, ...) and at the micro-level (characteristics of the hydration products, MIP 
porosity and pore size distribution, . . .). The chemical and (micro)structural basic effects of 
calcium hydroxide are in particular distinguished. 

Keywords; autogenous deformations; calcium hydroxide; cement paste; 
chemical shrinkage; degree o f  hydration; early age; microstructure; 
temperature; water-to-cement ratio 
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2 Baroghel-Bouny et al. 
Dr. Véronique Baroghel-Bouny is the head of Section “Microstructtire and Durability 
of Concretel’at the Laboratoire Central des Ponts et Chaussées - Paris - France. She has 
coordinated or been a member of numerous French and international working groups and 
research projects on various aspects of concrete durability (moisture and transport 
properties, chloride ingress, frost resistance, carbonation, shrinkage, HPC behavior, . . .). 
She is also involved in the European Standardization of concrete and its constituents. 

Pierre Mounanga is a PhD student at the Laboratoire de Génie Civil de Nantes Saint- 
Nazaire, IUT de Saint-Nazaire - France. His research work deals with the evolution of 
the cement paste structure at very early age, in particular with the relation existing 
between the thermal behavior of the material and its autogenous deformations. 

Dr. Ahmed Loukili is an Associate Professor at the Department of Civil Engineering, 
Ecole Centrale de Nantes - France, from which he received his Ph.D in 1996. He is an 
AC1 member. His research interests include shrinkage and structural mechanics of HPC. 

Dr. Abdelhafid Khelidj is an Associate Professor of Civil Engineering at the 
Laboratoire de Génie Civil de Nantes Saint-Nazaire, IUT de Saint-Nazaire - France. His 
research interests cover a broad spectrum in concrete materials and durability, such as 
heat and mass transfer in cement paste or concrete at early age, and also hydro- 
mechanical couplings in mature concrete. 

INTRODUCTION 

Nowadays, engineers have to take into account the required service lifetime, when 
selecting a concrete mixture and designing a structure. Hence, in recent years, the 
durability of reinforced or prestressed concrete structures has becoming a main concern. 
However, the most reliable, scientific-based, and accurate methodology used in the 
design stage to insure the required service lifetime for the structure will remain quite 
inefficient, if the early hours of the constitutive material’s (concrete) life are not treated 
with the same accuracy in terms of execution quality and curing. The long-term 
properties of the material and even the whole life of the structure itself will indeed be 
determined by the early age behavior of concrete. For example, autogenous shrinkage as 
well as thermal dilation, which occur at early age, may yield, if restrained, the 
development of prejudicial cracking, particularly in high-performance concrete. In 
addition to mechanical problems, agents aggressive to concrete or reinforcement can 
more easily be carried from the surface through these (micro)cracks and thus reduce the 
durability of the structure. 

Physical and chemical mechanisms are at the origin of the autogenous volume changes 
and cracking of cementitious materials, which determine the macroscopic behavior of 
concrete structures. But the precise mechanisms are not very well understood, in 
particular because complex moisture and temperature combined effects take place. This 
makes a reliable predictive approach to the behavior of concrete structures impossible. 

The purpose of this paper is to improve the knowledge of cementitious materials and to 
contribute to the understanding of these mechanisms. This step is of primary importance 
in order to predict both early age (autogenous) and delayed (drying, carbonation, ...) 
deformations. In addition to the fact that a lot of research work has already been made 
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Autogenous Deformation of Concrete 3 
regarding the long-term period, it seems particularly relevant from both the scientific and 
practical points of view, as previously mentioned, to focus on the early age, in particular 
the first 24 hours. Within this framework, monitoring the hydration process and 
characterizing the microstructure of cement pastes have been used here as tools to help 
understand and interpret volume change results. 

Studies dealing with the influence of temperature on the development of chemical 
shrinkage are scarce. Knudsen and Geiker have shown a two-fold effect: on the one hand, 
the rate of chemical shrinkage increases with the temperature, and on the other hand, the 
ultimate value of chemical shrinkage decreases when the temperature increases (i). 
Besides, some studies have shown that the rate and the magnitude of autogenous 
shrinkage of concrete, for a given degree of hydration, were influenced by the 
temperature history (2,3). The maturity concept is based on the assumption that the 
influence of temperature on the hydration rate (and associated properties) is independent 
of the degree of hydration. Therefore, the previously mentioned results question the 
relevance of this usual concept to account for temperature effects on autogenous 
deformations. In order to further investigate this aspect, the effects of temperature 
(isothermal curing process) on various properties (chemical shrinkage, autogenous 
shrinkage, . . .) of cement pastes at early age (< 24 hours) have been studied in this paper. 

Along with the parameters related to the hydration process, it is well known that mix- 
parameters influence autogenous deformations (see for example ( 4 3 ) .  Given the great 
influence of the water-to-cement ratio (W/C) on various properties of concrete, the effect 
of this parameter on autogenous deformations has been investigated here. As far as 
chemical shrinkage is concerned, Justnes et al. did not find any significant effect of W/C 
on the final value of chemical shrinkage of cement pastes, in the W/C range 0.30-0.50 
and from 0 to 48 hours after mixing (6). Boivin et al. confirmed these results and pointed 
out a purely kinetic influence of W/C on chemical shrinkage (7). The effect of W/C on 
chemical shrinkage has also been investigated in this paper. 

EXPERIMENTAL PROGRAM, MATERIALS AND TEST METHODS 

ExDerimental Program and Materials 

An experimental study has been performed from the end of mixing up to several months 
on a set of plain cement pastes prepared with the same type I OPC (CEM I - 52.5) and 
distilled water. W/C ranged from 0.25 up to 0.60 and the mixtures were submitted to 
different isothermal curing processes at 10, 20, 30, 40, or 50°C. Chemical shrinkage, 
volumetric and one-dimensional autogenous deformations have been measured and 
analyzed in relation to the hydration process (degree of hydration of the cement, Ca(OH)2 
content, . . .) and to the microstructural characteristics of the material. 

The cement contained 70.2% CjS, 7.8% C2S, 3.8% C3A, and 6.0% C4AF (Bogue 
calculation). Its loss on ignition was 2.3% and its Blaine specific surface area was 3320 
cm2.g-'. The gypsum content was 5.2%. The cement was mixed in a 5-L laboratory mixer 
for 1 minute, before addition of distilled water and a further mixing period of 3 minutes 
to ensure good homogeneity. A specific procedure has been carried out for the 
preparation of the samples intended for length change measurements (5). As far as the 
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4 Baroghel-Bouny et al. 
curing temperature is concerned, the mixing water was heated or cooled on a case-by- 
case basis. This ensured a rapid equilibrium of the mixture to the required temperature. 

Measurement of Non-evaporable Water and Calcium Hydroxide Contents by TGA. and 
Determination of the Degree of Hydration 

The evolution of both the non-evaporable water and the calcium hydroxide contents of 
the cement pastes has been monitored as a fiinction of time (age) by means of 
thermogravimetric analysis (TGA) conducted between 20 and 11OO"C, in a N2 
atmosphere (1 bar). The tests were performed at 3 ,6 ,9 ,  12, 15, 18,21, and 24 hours after 
mixing (curing temperatures from 10 to 50"C), and also at the ages of 28 days, 6 months, 
and 2 years (at T = 20°C). The testing and calculation procedures applied are described in 
(8). No treatment (crushing or drying) was applied to the specimens before TGA 
measurement. The non-evaporable water amount is defined here as the mass loss 
recorded between 145 and 1050"C, minus the mass loss due to CO2 release caused by 
calcite decomposition between 600 and 800°C (9,lO). This non-evaporable water amount 
was used to calculate the degree of hydration of the cement (a). The Ca(OH)2 content of 
the cement pastes has been determined by considering that dehydroxylation took place 
between 400 and 600°C (1 1). 

Chemical Shrinkage Measurement 

(Total) chemical shrinkage measurement has been performed by using a weighing 
method (12,7). The testing and calculation procedures applied here are described in (8). 
The whole system, including the cement paste sample in its flask, is hung from a balance 
and immersed at the required temperature 20, 30, 40, or 50°C (I 0.1"C). The 
measurement starts 10 minutes after water-cement contact and lasts for 24 hours. 
Distilled water was used, since same results were expected as in the case of lime 
saturated water, according to (13). No significant leaching effect during such a test was 
indeed reported in the literature. 

Autogenous Deformation Measurements 

A review of the literature shows that autogenous deformations of cement pastes can be 
measured in two different ways: measurement of volumetric deformations (see for 
example (12,14,6)), and measurement of one-dimensional deformations (4,15,5). The 
first type of measurement is particularly suitable to obtain shrinkage data at very early 
age, whereas the other is more often performed for long-term investigations. 

Volume Change Measurement at Early Age--The test method used here for 
volume change (external chemical shrinkage) measurement at early age is based on 
Archimedes' principle. It consists of measuring, by hydrostatic weighing, the buoyancy 
variations of a sample constituted by an elastic rubber (latex) membrane filled with 
cement paste (about 100-150 g) and immersed in a thermo-regulated bath. The test 
method is described in (16). The sample is placed on a nacelle hung from a balance, and 
immersed in the water bath at the required temperature 20,30,40, or 50°C (I 0.1"C). The 
sample is not rotated. Both the bath temperature and the mass are continuously recorded 
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Autogenous Deformation of Concrete 5 
from 30 minutes after water-cement contact up to 24 hours. The greatest care is exercised 
to evacuate air. As bleeding (which may occur in the case of medium or high W/C) 
makes the measurement of "true" shrinkage difficult to carry out (14,6), volume change 
measurements were performed here only on the cement paste with W/C = 0.25. 

Length Change Measurement--Free one-dimensional autogenous deformations 
have been measured on 020x160 mm cement paste samples (W/C ranging from 0.25 to 
0.60) with a simple technique, allowing length change measurement by means of dial 
gauge (with an accuracy of 10 pm per meter), from initial setting time up to 1 year, at T =  
20°C (k 1OC). The samples are cast in polyethylene moulds ensuring tightness and low 
restraint (unimpeded deformations), and also avoiding trapping air bubbles during the 
pouring of the fresh paste. The moulds have a longitudinal opening system allowing an 
initial (reference) length measurement inside the mould, and also an easy demoulding of 
the paste samples at the age of 24 hours in order to carry out the further measurements on 
demoulded and sealed samples. The Set-up and the test procedure are detailed in (5). 
From casting, the samples in their moulds are kept in rotation at least up to the initial 
setting time, in order to minimize segregation and bleeding expected in particular with 
medium and high W/C. Just after demoulding, the samples are sealed by wrapping them 
in three adhesive aluminum foil sheets, in order to avoid moisture exchange with the 
surroundings. The specimens are weighed at each time of length measurement, in order to 
verifi if the water losses are negligible during this long-term experiment. 

Complementarv Investigations 

The initial and final setting times of the cement pastes were determined by means of the 
Vicat (needle) test. The microstructure of the hardened cement pastes (hcp) was 
investigated at various ages by means of secondary or backscatter mode scanning 
electron microscopy (SEM) after vacuum-drying, along with energy dispersive X-ray 
(EDX) semi-quantitative analysis. In particular, the size of the calcium hydroxide crystals 
was estimated by secondary mode SEM on fractures, whereas the C/S ratio and the 
thickness of the C-S-H rims were quantified by backscattered electron microscopy on 
polished sections in the neighborhood of the unreacted cement cores (17). Moreover, 
porosity and pore size distribution were determined by mercury intrusion porosimetry 
(MIP), after freeze-drying of the specimens. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Calcium Hvdroxide Content vs. Degree of Hydration 

At a given age, both the degree of hydration of the cement and the Ca(OH)2 content 
increase when the temperature increases. The calcium hydroxide content of the cement 
pastes with W/C _< 0.40 and cured at various temperatures is plotted in Fig. l a  vs. a (ages 
below 24 hours). The results show that temperature does not influence the correlation 
existing between Ca(OH)* content and degree of hydration. Focusing on the very early 
age (a  < 15%), Fig. l b  reveals a threshold at about a = 7% for the cement pastes 
investigated (W/C ranging from 0.25 to 0.40 and temperature ranging from 10 to 5OOC). 
This threshold corresponds to the appearance (precipitation) of Ca(OH)2 in the material, 
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6 Baroghel-Bouny et al. 
as detected by TGA. Moreover, from this threshold, the Ca(OH)2 content is linearly 
related to the degree of hydration. These purely experimental findings were confirmed 
through a semi-empirical model based on a analytical description of the hydration process 
(8). If the investigation range is now extended up to a = 100% (W/C ranging from 0.25 to 
0.60, and ages up to 2 years), it can be seen that the same linear relationship still seems 
valid within the whole range of degrees of hydration (from a = 7%), when W/C 5 0.40. 
This is illustrated in Fig. 2a for T = 20OC. Conversely, when W/C 3 0.40, the Ca(OH)2 
content seems to increase as a function of WIC, for the same degree of hydration (see Fig. 
2a). The latter observation has been confirmed by the results obtained for the C/S ratio of 
the C-S-H, which is the major other solid phase including calcium. The investigations 
pointed out that for the same degree of hydration, the CIS ratio decreases when W/C 
increases (see Fig. 2b). 

It seems relevant to confirm here the link between the chemical evolution of the material, 
characterized at the microscopic scale in particular by an increase in the TGA calcium 
hydroxide amount, and the development at the macroscopic scale of its mechanical 
properties (increase in stiffness). With this purpose, the ages corresponding to the 
respective chemical and mechanical thresholds were plotted on the same graph, as 
illustrated in Fig. 3 for W/C = 0.25 and W/C = 0.30. As regards the chemical threshold (a 
= 7%), the ages were obtained by linear interpolation between two experimental plots. 
The mechanical threshold is characterized here by the initial and final setting times 
obtained from the mean values of three Vicat tests. Given the Vicat test accuracy, it can 
be deduced from Fig. 3 that, in most of cases, the initial detection of Ca(OH)2 crystals by 
TGA coincides rather well with the setting times given by the Vicat needle. Note that at 
this stage, initial formation of C-S-H and AFt has already taken place (1.8). The 
consistency is particularly good at T = 5OoC, since increasing the curing temperature 
yields a decrease in the initial and final Vicat setting times and in the respective setting 
period (see Fig. 3). This last result was expected given the temperature-activated nature 
of the hydration process, usually described by an Arrhenius law: when the temperature 
increases, the hydrate production rate increases and the solid network required to resist 
the penetration of the falling Vicat needle is obtained more rapidly. These results show 
the strong link existing between the chemical development of the material (as described 
here by TGA calcium hydroxide content) and its gain in mechanical stiffness. More 
precisely, Ca(OH)2 precipitation could be considered as a relevant chemical indicator of 
the setting of cement pastes (for low W/C). This was expected, as the lime concentration 
of the solution is the parameter controlling both the hydration and the setting process, and 
since the increase in this concentration ends with the start of precipitation of Ca(OH)2 
(18). In addition, these results enhance the notion of threshold in the material structure 
evolution, which separates the "fluid" state from the "solid" state. 

Chemical Shrinkage 

Effect of W/C--The chemical shrinkage of the cement pastes with various W/C 
is plotted vs. the age in Fig. 4, from about 10 minutes after water-cement contact up to 24 
hours, for each temperature (20, 30, 40, or 5OOC). Each plot is obtained from the mean 
value of two measurements. These experimental results are in agreement with previous 
research works (6,7,19): the chemical shrinkage value at 24 hours shows little and 
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Autogenous Deformation of Concrete 7 
unsystematic variation with W/C. Besides, at each temperature, the initiai slope value 
corresponding to W/C = 0.25 is slightly detached, demonstrating an acceleration effect 
induced by low W/C (see Fig. 5, where the initial slope values are plotted vs. the 
temperature, for the various W/C). This acceleration phenomenon is indeed significant 
between W/C = 0.25 and W/C = 0.30, but is no more noticeable within the W/C range 
0.30-0.60. The possible explanation combines chemical and physical processes: 
- in low W/C cement pastes, the greater ionic concentration of the interstitial liquid phase 
leads to a rapid supersaturation and therefore to a faster precipitation of hydrates, 
- by decreasing W/C, the number of contacts between particles is increased. As contact 
zones are preferential sites for nucleation of C-S-H (or even act as nuclei), the 
precipitation starts earlier and the reactions are accelerated (1 8). 

Temuerature Effects--The chemical shrinkage of the cement pastes cured at 20, 
30,40, or 50°C is plotted vs. the age for W/C = 0.25 (respectively W/C = 0.30) in Fig. 6a 
(respectively Fig. 6b). In order to select the same hydration state as the time reference for 
each cement paste, the initial setting time (Vicat) was taken as the zero point on the time 
scale of the curves. The experimental results clearly show a two-fold temperature effect. 
The effect on the ultimate value is particularly significant between T = 20°C and the 
other temperatures (see Fig. 6). Fig. 5 shows that the kinetic effect of temperature is 
expressed by a multiplying factor of 4 regarding the initial slope value (rate). This kinetic 
effect can be explained by the temperature-induced acceleration of hydration reactions. 

The chemical shrinkage is plotted vs. the degree of hydration (assessed from non- 
evaporable water content) in reference (8), where the influence of both W/C and 
temperature is further discussed. 

Volumetric Autogenous Shrinkape - TemDerature Effects at Earlv Age 

The volumetric autogenous shrinkage of the cement pastes with W/C = 0.25 and cured at 
various temperatures (20, 30, 40, or 5OOC) is plotted vs. the age in Fig. 7a, from initial 
setting time (Vicat) up to 24 hours. Each plot is obtained from the mean value of three 
samples. The initiai slope of these curves (rate) increases with increasing temperature. 
Moreover, each plot displays a first stage that ends by a knee-point. From this knee-point, 
the curves start to flatten. This knee-point and the subsequent drastic reduction of 
autogenous shrinkage are usually attributed to the formation of a semi-rigid (self- 
supporting) skeleton of interconnected hydration products, i. e. a load-bearing 
microstructure strong enough to resist the contracting forces created by chemical 
shrinkage (14). In addition, this time may also correspond to a significant build-up of 
self-desiccation. But it is not elucidated yet whether self-desiccation begins at this 
moment, or as early as just a few minutes after casting, in very low W/C cement pastes. 
The latter case means that self-desiccation would start far before setting (e.g. at the 
mineral suspension-solid transition (20)), even if its consequences on apparent 
deformations are only visible later. 

Fig. 7a shows that, at T = 50"C, the knee-point is reached more rapidly but the ultimate 
value of autogenous shrinkage is lower than the value reached at T = 40°C. This decrease 
in the magnitude, when the temperature increases in the range considered, is probably the 
result of various chemical, physical and microstructural changes. First, changes in the 
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Baroghel-Bouny et al. 
distribution of hydrate clusters and consequently of inter-cluster voids are expected. The 
pore structure of cement pastes hydrated at relatively high temperature is indeed modified 
as illustrated in Fig. 8 (see also (21)). Slight changes in the chemical composition, 
stability, and structure of the hydration products (in particular the C-S-H) can also be 
expected from an exposure to relatively high temperatures during their formation, 
according to the literature. In particular, an increase in the polymerization of the silicate 
network of the C-S-H (increase in the length of the chains) has been recorded by Jennings 
(22,23). In addition, a link between changes in the C-S-H gel structure and the 
deformations of cement pastes has also been pointed out by the author: a temperature rise 
reduces shrinkage in particular because high temperature pre-shrinks the low-density C- 
S-H (see (22,23)). Another thermodynamic (physical) effect can be added: in materials 
with low W E ,  self-desiccation occurs early and may contribute hence to a great extend 
to the recorded shrinkage (see further). As the liquid-vapor equilibrium governed by the 
Kelvin(-Laplace) law, at the origin of this process, is temperature-dependent, the 
measured shrinkage value will consequently be temperature-dependent. 

The experimental results clearly show the irrelevance of the usual maturity concept 
(based on a single apparent activation energy) to describe and predict the evolution of 
autogenous deformations of cement pastes for realistic temperature histories (in particular 
above 40°C) within the whole early age period. This finding is in agreement with Turcry 
et al. (16) (see also (24)). 

Plotting the volumetric autogenous shrinkage vs. the degree of hydration reveals the 
existence of a knee-point at 20 and 3OoC (see Fig. 7b) at about a = 7%, which matches 
the chemical threshold (calcium hydroxide precipitation detected by TGA) previously 
pointed out in this paper (see Fig. 1). This knee-point could not be observed here at 40 
and 50°C, probably as a result of a late first measurement of a at these temperatures. 
Above the knee-point, the curves exhibit an almost parallel evolution. This means that the 
same degree of hydration increment leads to the same volumetric autogenous shrinkage 
increment for the various temperatures investigated. It is therefore possible to define a 
threshold for the degree of hydration, beyond which the autogenous shrinkage of cement 
pastes is directly linked to their chemical evolution. In order to enhance this finding, the 
volumetric autogenous shrinkage has been plotted in Fig. 9 vs. the degree of hydration, 
when taking a = 7% as the reference. These plots have been obtained as follows: for each 
temperature, the measured shrinkage values have been lowered by the shrinkage values 
recorded at a = 7% by extrapolation of the trend lines of Fig. 7b. 

The linear fit displayed in Fig. 9 between autogenous shrinkage and degree of hydration, 
from a = 7% up to a = 50%, and from 20 up to 5OoC, could appear inconsistent with the 
results shown in Fig. 7a. On the one hand, the ranking (20"<30"C<50"C<40°C) of the 
plots "autogenous shrinkage vs. age" from initial setting time up to 24 hours prevents 
applying the usual maturity concept. On the other hand, the plot "autogenous shrinkage 
vs. a" from a = 7% up to a = 50% can be fitted by a unique linear function within the 
whole temperature range investigated, allowing the use of the maturity concept within 
this range of a. The contradiction is only apparent. It lies in the fact that the maturity 
concept is not suitable to describe the temperature effect on autogenous deformations 
within the whole early-age period (0-24 hours), but it is yet possible to separate this 
period into two stages, in order to assign to each of these stages a different value of 
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apparent activation energy. Such an approach has already been applied by Turcry et al. 
(16). Here, on the basis of the experimental data, the following partition can be proposed: 
the first stage will take place before initial setting (very early age) and the second stage 
will correspond to the range between final Vicat setting time and 24 hours. In this 
scheme, the setting period is not covered, because it is difficult to apply rigorously the 
maturity concept and to calculate a single value of apparent activation energy within the 
setting period. However, as seen in Fig. 3, at T = 50°C the setting period is particularly 
short and a very good consistence is observed between the Vicat setting times and the 
Ca(OH)2 threshold. Therefore, from a practical point of view, as the maturity concept is 
intended to be applied within such a temperature range, the proposed scheme will be 
particularly relevant in this case, where nearly the whole early-age period will be 
covered. 

Moreover, it can be deduced from the linear fits pointed out at the micro-scale in Fig. 1 
(calcium hydroxide content vs. degree of hydration) and at the macro-scale in Fig. 9 
(volumetric autogenous shrinkage vs. degree of hydration), and from the threshold 
located at about a = 7% for both deformations and calcium hydroxide content, that 
Ca(OH)* is a key-parameter in the development of autogenous deformations of cement 
pastes and that volumetric autogenous shrinkage at early age for WIC = 0.25 is linearly 
related to the Ca(OH)2 content. 

From tests performed on cement pastes cured at 20°C and with WIC within the range 
0.30-0.40, Garcia Boivin was able to situate the knee-point of the volumetric autogenous 
shrinkage vs. age plot between initial and final Vicat setting times (13). On the other 
hand, Justnes et al. found that this knee-point corresponded well to the final Vicat setting 
time for W/C=0.40, but occurred later for WlC=O.30 and earlier for W/C=0.50, at T = 
23°C (19). Given the very similar composition and fineness of the cements used in both 
reported studies, these different results could be explained by the different systems used 
to avoid bleeding. Bleeding may indeed influence autogenous shrinkage results to a great 
extent, particularly the knee-point. Here, for W/C = 0.25 and for any temperature within 
the range investigated, and in accordance with the results reported by Justnes et al. (19), 
the knee-point is observed much later than the final setting time (see Fig. 3a). It can be 
deduced from the whole of these studies that, at early age, a (percolation) threshold takes 
place at about WIC = 0.40 for the cements used. In addition, this threshold seems linked 
to the degree of connectivity of the pore network. Moreover, as the best coincidence 
between the Vicat setting times and the knee-point of the autogenous shrinkage vs. age 
plot seems obtained around WIC = 0.40, the scheme previously proposed for applying the 
maturity concept will hence be more relevant within this W/C range. 

Comparison between Chemical and Volumetric Autogenous Shrinkages - Temperature 
Effects at Early Age 

According to the literature, the evolutions vs. the age of chemical shrinkage and 
volumetric autogenous shrinkage are merged at very early age (before setting), but after a 
couple of hours a deviation appears at the same time as the autogenous shrinkage knee- 
point previously discussed (14,19,13). 
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For low WIC, cement particles are very close to each other. In this case, little hydration is 
necessary to bridge up the distance between the hydrating particles and then give strength 
and stiffness to the developing microstructure, and consequently, start self-desiccation 
that can more rapidly become the driving force of deformations. In addition, if the 
temperature is relatively high, the microstructure will be stabilized even earlier as a result 
of the temperature-induced acceleration of the chemical reactions. Therefore, in the case 
of W/C = 0.25 and T = 50°C, self-desiccation will occur very early and the period where 
chemical and autogenous shrinkages are merged will be very short. This is illustrated in 
Fig. 10, where the experimental results of chemical shrinkage, volumetric autogenous 
shrinkage, and initial and final Vicat setting times, obtained for the cement paste with 
W/C=0.25 and cured at T = 50"C, are plotted vs. the age. 

One-dimensional Autogenous Deformations 

Free one-dimensional autogenous deformations (length changes) at T = 20°C (+ l°C) are 
plotted vs. the age in Fig. 11, from initial Vicat setting time (this moment is taken as the 
zero point on the time scale of the curves) up to 1 year. The results are the mean values 
obtained from six samples. 

Effect of WIC--The experimental results point out that, at a given age, the 
magnitude of autogenous shrinkage increases linearly as WIC decreases from 0.60 down 
to 0.25 (see Fig. 12). In the case of mixtures with low W/C, a great proportion of the 
long-term autogenous shrinkage value occurs before 1 day. In the case of mixtures with 
medium or high WIC, swelling is exhibited from a few hours up to several days (see Fig. 
11). Self-desiccation shrinkage becomes after a given time (which depends on the mix- 
composition) the main component of autogenous deformations, the other components 
(chemical shrinkage and swelling) being negligible (25). The correlation between W/C 
and autogenous deformations can be mainly explained by this self-desiccation process. 
Assuming that self-desiccation shrinkage is based on the capillary tension mechanism, a 
finer initial pore structure will generate lower equilibrium internal RH according to the 
Kelvin-Laplace law and will create higher tension in the pore water. Therefore, the lower 
the initial pore volume and the finer the pore network, the higher the self-desiccation 
shrinkage. As a matter of fact, when WIC decreases, the porosity and mean pore radius, 
measured by MIP on the hcp at a given age, also decrease (see Fig. 13), which is 
consistent with the increasing shrinkage value measured at the same age (see Fig. 12). 

Interpretation of the Swelling observed at Medium and High WiC--Autogenous 
swelling of cementitious materials with medium or high WIC, within the first days, has 
already been reported in the literature (e.g. (4)), but no deep insight into its associated 
mechanism was really performed. 

The swelling observed on the experimental results presented here cannot be attributed to 
thermal effects due to the exothermic nature of chemical reactions. These effects 
disappeared indeed quickly as a result of the small size of the test samples, unlike the 
swelling increase, which lasts several days (about 2 weeks, in the case of WIC = 0.60). 

This swelling may rather be attributed to the formation and the growth, through the 
hydration reactions of the cement, of large-sized crystals of calcium hydroxide and 
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maybe needles of ettringite (AFt). The growth of these crystals generates a crystallization 
pressure on the pore walls, related to the supersaturation rate according to Riecke's law. 
The pressure can induce expansion of the microstructure (26,27), by direct solid-crystal 
contact or through the water phase. In mixtures with high W/C, large-sized Ca(0H)z 
crystals and AFt needles do have enough time, water amount and space for growing up, 
before the strength of the solid matrix and the self-desiccation process become strong 
enough to balance the crystallization pressure, and before self-desiccation shrinkage 
becomes prominent. In porous areas, calcium hydroxide crystals can indeed even become 
bigger than the initial clinker particles. Microstructural investigations of the hcp tested 
here provide arguments to support this explanation. The magnitude of the swelling 
deformation is correlated with the amount and the mean size of Ca(OH)* crystals, 
measured by TGA and SEM-EDX analysis, respectively. The values of these parameters, 
and therefore the volume occupied by the calcium hydroxide crystals, increase both with 
hydration time (even after 28 days) and W/C (e.g. at 28 days, the Ca(OH)2 content is 
18.2, 24.6, 30.6, and 32.7%, and the mean size of the crystals is 4-10, 10-20, 10-30, and 
80-100 pm, when W/C is respectively 0.25, 0.35, 0.45, and 0.60). With low W/C, SEM 
observations show that calcium hydroxide appears mainly as small crystals spread out 
among the C-S-H phase. Likewise, AFt cannot be easily detected in the microstructure of 
hcp with WIC = 0.25, whereas it appears as well crystallized needles in the case of W/C = 
0.45 and W/C = 0.60. This indicates that the contribution of AFt to early-age swelling, 
before its dissolution, is probably more important in high W/C mixtures. The fact that 
expansion, mainly attributed here to the growth of "large" Ca(OH)2 crystals, proceeds for 
several days is also in agreement with the results of Bentz and Stutzman on Ca(OH)*, 
obtained by means of quantitative image analysis (28). The authors showed that the area 
occupied by "large" crystals of calcium hydroxide (area > 16 pm') increased with the age 
in a material with Wisolid = 0.45 for at least 7 days, as the hydration process goes on and 
"large" crystals continue to grow up at the expense of smaller ones. The basic role of 
Ca(OH)2 with respect to autogenous deformations is pointed out again, but here as a 
(micro)structural effect. 

Another mechanism (29,20) could also be suggested to explain the swelling observed at 
medium and high W/C. It is based on the inner C-S-H, whose volume is higher than that 
of the portions of the anhydrous grains they replace, and which require water from 
outside the borderline of the cement grains for their formation (by topochemical reaction 
of C3S). These products are thus developing with an increase in solid volume (contrary to 
outer C-S-H). As a matter of fact, for the hcp tested here, when W/C increases from 0.25 
up to 0.60, the thickness of the C-S-H rims (surrounding residual unreacted cement cores) 
at the age of 28 days increases from 1 to 10 pm. The volume of pseudomorphic (inner) C- 
S-H will therefore be greater in higher W/C cement paste, similarly as swelling. 
Nevertheless, still according to the literature, a significant contribution based on this 
mechanism to the expansion of the microstructure could be expected, only in the case of 
solid contacts between the C-S-H rims (in order to raise stresses). This occurs yet when 
the pore space is restricted, which means in the case of low W/C. These opposite 
deductions stress that further investigations are needed, in order to determine the actual 
contribution of this mechanism to the observed swelling. 
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SUMMARY AND CONCLUSIONS 

Experimental tools for measuring key-parameters have been presented in this paper. 
These tools can be used in view of optimizing mixtures, within the framework of the 
prediction of early-age deformations and the prevention of early-age cracking. The 
experimental results obtained by means of these tools on a set of plain cement pastes 
prepared with the same type I OPC, with W/C ranging from 0.25 to 0.60, and 
isothermally cured at various temperatures ranging from 10 to 50"C, are summarized in 
the following sections. These results appear as useful data for developing engineering 
models, capable of predicting both early age and delayed deformations of concrete, from 
the mix-parameters and/or from the microstructural characteristics of the material. 

Temperature Effects at Early Age í< 24 hours) 

An increase in (isothermal) curing temperature within the range 20-50°C yields a 
decrease in initial and final Vicat setting times and in the respective setting period. 
The amount of Ca(OH)2 produced at a given degree of hydration is not influenced by 
the curing temperature within the range 10-50°C. 
A two-fold temperature effect is observed on the evolution of chemical shrinkage 
and volumetric autogenous shrinkage at early age vs. the age, within the range 20- 
50°C: the initial slope increases with temperature and the magnitude is changed. 
At T = 50"C, the period where chemical and volumetric autogenous shrinkages are 
merged is very short for W/C = 0.25. 

Effect of W/C 

Both at early age and in the long term, the amount of Ca(0H)z produced at a given 
degree of hydration is not influenced by W/C in the range 0.25-40. Conversely, in 
the range 0.45-0.60, at a given degree of hydration, the Ca(0H)z amount increases as 
a function of W/C. 
W/C does not influence the chemical shrinkage in a significant manner within the 
W/C range 0.30-0.60 and for curing temperature ranging from 20 to 50°C. However, 
W/C has a significant kinetic effect within the range 0.25-0.30. 
At WiC = 0.25, and for temperatures ranging from 20 to 50"C, the final Vicat setting 
time is sooner than the knee-point of the volumetric autogenous shrinkage plot. 
At a given age, the magnitude of one-dimensional autogenous shrinkage increases 
linearly as W/C decreases from 0.60 down to 0.25, as a result of the self-desiccation 
process and in agreement with the pore structure of the material. 

Threshold Values and Micro-Macro Correlations 

. At the micro-scale, a threshold corresponding to the precipitation of Ca(0H)z has 
been detected by TGA at about a = 7%. The comparison with the setting times 
measured at the macro-scale by the Vicat needle exhibits a good correlation between 
these two types of parameters, particularly at T = 50°C. Moreover, the same 
threshold (a = 7%) has been found at the macro-scale with respect to deformations: 
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beyond this threshold, early age volumetric autogenous shrinkage is a linear function 
of a, for W/C = 0.25. 
A W/C threshold has been pointed out (at about 0.40, for the type of cement tested 
here) at early age and in the long term, at the macro-level, with respect to volumetric 
and one-dimensional autogenous deformations. The same threshold value was 
already pointed out with respect to drying shrinkage: a change in the slope of the plot 
giving equilibrium drying shrinkage at T = 20°C (between RH = 7 1.5% and RH = 
63%) vs. W/C was registered at W/C = 0.40 (30). Furthermore, the same threshold 
has been found at the micro-level, with respect to the amount and characteristics of 
the hydration products assessed by means of SEM-EDX or TGA (see also (30), 
where it was found for the C-S-H: C/S 5 1.7 for W/C = 0.45 and 0.60, and C/S ? 1.7 
for W/C = 0.35 and 0.25), as well as with respect to the MIP porosity and pore size 
distribution (see Fig. 13b and (5,30)). 

Chemical and /Micro)structural Effects of Ca(OHh 

All the findings presented in this paper show the critical two-fold effect of calcium 
hydroxide: 
- chemical effect: the Ca(OH)2 content of the cement paste plays the role of a chemical 
indicator of the hydration process, similar to that of the degree of hydration of the 
cement, 
- (micro)structural effect, generated by large-sized Ca(OH)* crystals. 
When only the chemical effect (amount) is prominent, autogenous shrinkage is linearly 
linked to this amount, as seen here on volumetric autogenous shrinkage measured at early 
age for W/C = 0.25. When significant structurai effects take place, swelling can become 
prominent, as measured here for one-dimensional autogenous deformations in the case of 
high W/C, and deviations are registered from linear correlations. 

Maturitv Conceut 

Practical conclusions can be drawn regarding the use of the maturity concept within the 
field of concrete technology. The temperature-induced changes, recorded on volumetric 
autogenous shrinkage, clearly show the irrelevance of the usual maturity concept (based 
on a single apparent activation energy) for the prediction of shrinkage within the whole 
early-age period (0-24 hours). Hence, on the one hand, if the degree of hydration (or the 
Ca(OH)2 content) has experimentally been assessed within a given temperature range, the 
complex determination of the apparent activation energy can be avoided. Early-age 
autogenous shrinkage at required temperatures can indeed be derived from the linear 
relationship existing between shrinkage and the degree of hydration (or the Ca(OH)2 
content) within the ad-hoc range, whatever the temperature. On the other hand, if these 
parameters are not available, the maturity concept can be used after separating the early- 
age period (0-24 hours) into two stages (before and after setting) and calculating the 
respective values of apparent activation energy. 
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Figure 1 - Evolution of the Ca (OH), content of the cement pastes with 
W/C s 0.40 cured at various temperatures, as a function of the degree of hydration of the 

cement, at early age. 
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Figure 2 - Correlation between Ca(OH), content (a) or C/S ratio of the C-S-H (b) and 

degree of hydration, for cement pastes with W/C ranging from 0.25 to 0.60 and cured at 
T = 20°C, from 3 hours up to 2 years. 
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Figure 3 - Comparison between initial and final setting times obtained from Vicat 
needle, chemical threshold (precipitation of Ca(OH), detected by TGA), and autogenous 

shrinkage knee-point, for cement pastes cured at various temperatures. 
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e)  T - 48°C' 

Figure 4 - Evolution of chemical shrinkage of cement pastes with various W/C. 

Figure 5 - Initial slope of the chemical shrinkage vs. age plot, as a function of 
temperature, for cement pastes with various W/C. 
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Figure 6 - Evolution of chemical shrinkage of cement pastes cured 
at various temperatures. 
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Figure 7 - Evolution of volumetric autogenous shrinkage of cement pastes with 
W/C = 0.25 and cured at various temperatures (ages below 24 hours). 
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Figure 8 - Pore size distribution measured by MIP on hcp with W/C = 0.50, after 28-day 
curing at 20 or 60°C. 
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Figure 9 - Evolution of volumetric autogenous shrinkage between 
Q = 7% and Q = 50%. for cement pastes with W/C = 0.25 and cured at various 

temperatures (ages below 24 hours). 
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Figure 1 O - Comparison between chemical shrinkage and volumetric autogenous 
shrinkage of cement pastes with W/C = 0.25 and cured at T = 50°C. 
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Figure 1 1 - One-dimensional autogenous deformation measured from initial Vicat setting 
time on 020x160-mm sealed samples of cement pastes 

with various W/C, at T = 20+1 OC. 
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Figure 12 - Correlation between one-dimensional autogenous deformation (measured at 
T = 2011 OC) and W/C, at the ages of 28 and 360 days. 
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Figure 13 - Results obtained by MIP on hep with various W/C, after curing at 
T=2011"C. 
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Quantifying Volume Change, 
Stress Development, and Cracking Due 

to Early-Age Autogenous Shrinkage 

by B. Pease, A. B. Hossain, and J. Weiss 

L&mpsk This paper describes recent experimental efforts to quanti@ autogenous 
volume change, stress development, and cracking in low water-to-cement ratio (w/c) 
mixtures. A non-contact laser was used to measure length changes from the time that the 
mortar was placed in the forms. An analytical solution was used to illustrate how the 
restrained ring test could be used to quanti@ the level of residual stress that develops 
from the time of casting. Piezoelectric sensors were used to measure the acoustic activity 
that develops in the mortar. It is hypothesized that this acoustic activity is generated by 
microcracking at the aggregate interface caused by differential shrinkage. Length change 
measurements show an initial period of shrinkage before setting, a slight expansion during 
setting, and continued shrinkage after final set. The residual stresses were observed to 
develop several hours after the time of set, suggesting that some movement may be 
permitted while the structure of the paste is developing. Acoustic activity was observed 
to occur a few hours after residual stresses developed, suggesting that some critical strain 
level is needed for microcracking to occur. 

Keywords: acoustic emission; autogenous shrinkage; high strength 
concrete; microcracking; residual stress; ring-test; shrinkage 
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INTRODUCTION 

Conventional concrete mixtures are composed of cement, water, fine aggregate, and 
coarse aggregate. The cement and water combine to form a matrix that binds the 
aggregates together. Over the last several decades, research has focused on improving 
performance of concrete by reducing the porosity of the matrix phase (i.e., the paste). 
Toward this end, changes in mixture proportioning have been advocated to reduce the 
water-to-cement ratio (w/c) by using water-reducing admixtures (WRA). WRA’s enable 
concrete to be produced using less water, despite having similar or improved flow 
properties (1). It is commonly believed that a reduction in the w/c results in a reduction 
of shrinkage (2), however recent evidence has shown that the potential for early-age 
cracking may increase with lower w/c (higher strength) concretes (3). While it is true 
that concrete with a lower w/c will almost always demonstrates a lower drying shrinkage, 
the autogenous shrinkage (shrinkage without temperature change or water exchanged to 
the surrounding environment) increases dramatically when the W/C is reduced (below 
-0.42). Furthermore, shrinkage is related to the volume of paste (4). Therefore when 
higher strength concretes are made by increasing the cement content, a higher paste 
content is frequently produced resulting in an overall increase in shrinkage. 

While autogenous shrinkage has been known to exist since the 1930’s (5 ) ,  it did not 
typically have practical implications on the concrete construction industry since a 
relatively high w/c was used to produce sufficient workability for field applications. This 
has changed due to the widespread use of WRA’s. As a result more modem concretes 
are demonstrating increased autogenous shrinkage. 

While test methods exist to assess shrinkage in hardened concrete, few test methods exist 
to measure length changes in the concrete as it undergoes the transition from a 
suspension to a solid. Figure 1 illustrates the need for measuring the movements in the 
mortar during the hardening process (6). It can be seen that if the standard ASTM test 
method is followed, a substantial amount of the shrinkage that actually occurs in the 
specimen may not be measured. In addition to difficulties in measuring free shrinkage, 
few tests exist to correlate length change with stress development and cracking potential. 
This paper uses three different methods to measure the autogenous shrinkage and its 
effect on concrete. 
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EXPERIMENTAL APPROACH 

Three separate methods were used to assess the influence of autogenous length change in 
mortar during the first 24 hours. A system of two non-contact lasers was used to assess 
length changes, the restrained ring test was used to assess stress development, and 
acoustic emission was used to assess microcracking. The following sections describe 
how each of these tests were performed. 

Non-Contact Laser Measurements 

Several methods have been proposed to measure autogenous shrinkage at early age as 
shown in Figures 2 and 3 (7,  8). It can be seen that previous researchers have used dial 
gages were used to measure length changes. This test method relies on the use of ASTM 
C-403 to detect the time of final set. At the time of final set the dial gages are brought 
into contact with gage studs that protrude from the concrete specimens. Other 
researchers (7 )  have used a variety of different test methods to study early-age length 
change. 

In this study autogenous shrinkage was measured using two non-contact lasers. 
Specimens were cast in a 1” x 1” x 12” (25mm x 25mm x 300mm) steel mold (Figure 3). 
The inner surface of the mold was lined with two thin sheets of acetate to reduce 
friction/bond. The small cross-sectional geometry was used to reduce the effects of 
temperature on the specimen. (Note: a temperature rise of less than 1°C was observed in 
the mortar specimens used in this study). Openings were located in the forms at either 
end of the mold to provide a path for the laser. The inner surface of the openings was 
covered with a clear thin plastic film, until the final set time was reached when this 
plastic was removed and the laser was reflected from the specimen surface. (Note: in 
subsequent work it has been shown that the removal of the thin layer of plastic was not 
necessary.) It should be noted that the top of the specimens was also covered with a 3 
mm plastic sheet during the test to minimize the potential for moisture loss. 

The laser units (Microtrak II) consist of a laser source and a Ceramic Metal-Oxide 
Semiconductor (CMOS). The laser and a description of how the CMOS sensor operates 
is shown in Figure 4. The laser source produces a beam that is directed at the specimen. 
The laser beam is reflected off the concrete surface causing it to be reflected back to the 
CMOS sensor and a portion of the CMOS is activated. The path of the laser changes 
over time activating a different portion of the CMOS sensor. The distance between the 
laser and end of the specimen can be accurately computed using basic principles of optics 
(Snell’s Law). The distance from the laser source to the face of the specimen was 
continually calculated and recorded using LabView data acquisition software every 10 
seconds for the first 24 hours after the mortar was placed. From a practical point of view 
it was determined that the rate of sampling was too frequent and subsequent tests have 
sampled at a rate of measurement every 1 to 5 minutes. 
Restrained Ring Test 

The restrained ring specimen was used to assess residual stress development as shown in 
Figure 5. The ring has an outer diameter of 18” (450 mm), a height of 3” (75 mm), and 
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an inner diameter of 12” (300 mm). The mortar annulus was cast around a steel ring with 
a 1/8” (3.1 inm) wall thickness. The mortar was sealed at the base and top using plastic 
sheets and on the circumference by the form. Four strain gages were connected to the 
inner surface of each steel ring at mid-height and interfaced with a data acquisition 
system in a half-bridge configuration. Strain data was collected at 10 minute intervals for 
the first 24 hours beginning approximately 30 minutes after water came in contact with 
the cement during the mixing process. 

Recently, Hossain and Weiss (9) showed that the restrained ring test can be used to 
measure residual stress that develops in restrained concrete even at very-early ages. The 
residual stress in the restrained concrete ring can be determined directly from the 
measured strain in the steel using the following expression for a ring with the geometry 
shown in Figure 5 and a steel ring with a 118 in (3.1 mm) thickness: 

~Artl,a/-MO.u(t) = -1.53 * Est,,! (t> 

where, ~ ~ ~ ~ ~ , ~ , - ~ ~ ~ ~ ( t )  is the maximum residual stress in the mortar and ( t )  is the 

average measured steel strain (in microstrain) at time t. It should be noted that this 
equation is given in units of pounds per square inch (psi) and that the coefficient changes 
depending on specimen or restraint geometry (9). 

Acoustic Emission Testing 

While the restrained ring test can be used to determine residual stress development, it 
does not directly describe damage. Passive acoustic emission testing was used to detect 
damage in both a restrained shrinkage test (Figure 6a) and a free shrinkage test (Figure 
6b). A steel frame was used to restrain the shrinkage of the mortar as shown in Figure 
6a. The fiame is largely based on the concept of the Munich cracking frame (IO). An 
acrylic base was attached to the bottom of the restrained mold using a silicon sealer and 
the top was covered with a 3 mm sheet of plastic to completely seal the specimen. Free 
shrinkage specimens were prepared using 1” x 1” x 12” (25 mm x 25 mm x 300 mm) 
steel molds. Two thin sheets of mylar were placed between the mortar and the steel to 
minimize any fiictiodrestraint. Acoustic emission sensors were placed on the specimens 
at the time of final set. The sensors were attached using a vacuum grease coupling agent 
and held to the surface with an elastic band. Both the restrained and free shrinkage 
specimens remained in their respective molds, in a sealed condition, until completion of 
the testing. The acoustic emission system used for this research was a Vallen Model 
AMSY4, which transforms detected waves into electrical signals that are amplified and 
recorded. 

EXPERIMENTAL PROGRAM 

Experiments were conducted using mortar mixtures of varying w/c (0.30, 0.35, 0.40 and 
0.50) and varying aggregate volumes (O, 15, 30, 37, 45, and 52). All mixtures of varying 
aggregate volume had a w/c of 0.30. Type I cement was used throughout the study. This 
cement had a Blaine fineness of 360 m’/kg and a chemical composition of 58% C$, 12% 
C’S, 8% C3A, and a N a 2 0  equivalent alkali content of 0.56%. The mortars were mixed 
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using a standard Hobart mixer. The mixture was placed in the forms and vibrated. The 
specimens were sealed with an acrylic sheet and stored under wet burlap at room 
temperature 23+/-1"C until final set was reached. Further details on mixing and specimen 
preparation can be found elsewhere (1 6). 

This paper describes a three pronged approach to quantifi 1) length change in fresh 
systems, 2) residual stress that develops as a result of restraint, and 3) cracking that 
occurs when the matrix is restrained from shrinking freely. The following sections 
describe each experiment separately and the paper concludes by comparing each of the 
tests with one another. 

Discussion of Non-Contact Laser Measurements 

Volumetric changes were measured using non-contact lasers as previously described. 
The following section describes the effects of w/c and aggregate content on autogenous 
shrinkage. The mortar specimens demonstrate an initial shrinkage before initial set (3 
hours for the 0.3 w/c and 5 hours for the 0.5 w/c), followed by a slight expansion. The 
expansion period appears to cease when the final set is achieved ( 5  hours for 0.3 wic and 
6 hours for 0.5 w/c) and a secondary shrinkage phase is observed. 

It can be seen (Figure 7) that as the w/c decreases the autogenous shrinkage increases. A 
significant amount of shrinkage occurs in the low w/c specimen between the time the 
mortar was placed in the forms and the initial set time. This shrinkage for the 0.30 wic 
specimen was observed to be approximately 175 PE, while the maximum shrinkage prior 
to set for the 0.50 wic specimens is only approximately 50 F E .  The expansion period 
may be caused either by expansion attributed to the heat of hydration or a physical 
response that occurs as the system solidifies. It should be noted that the small specimen 
geometry was used to minimize the effects of thermal expansion. Temperature 
measurements at the core of the specimen show a temperature rise of less than 1°C. 
Alternative explanations may exist for this expansion, however further research is needed 
before this can conclusion should be drawn. 

After the brief expansion, a period of secondary shrinkage is again observed where the 
lower w/c specimens show greater shrinkage. While Figure 7a shows the measurements 
from the time of placement, Figure 7b shows the length change from the time of final set. 
It should be noted that the shrinkage that occurs after the time of set is likely the most 
critical as it forms after a solid structure is formed, thereby permitting stress transfer (1 1). 

The influence of aggregate content has also been shown to significantly influence the 
measured shrinkage. Figure 8 shows the response of a pure paste (0% aggregate) and a 
mortar containing 45% aggregate. The introduction of aggregate restrains the natural 
shrinkage of the paste, because the aggregate does not deform extensibly. As the 
aggregate content of a specimen is increased the measured autogenous shrinkage 
decreases (Figure 8.). However, it should be noted that this difference occurs primarily 
after the time of final set. 
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Discussion of Restrained Ring Measurements 
As discussed earlier, the ring test has been used to determine residual stresses during the 
first 24 hours in the restrained concrete rings used in this study. Figure 9a shows the 
actual strains measured in the rings while Figure 9b shows the residual stresses that were 
calculated using equation 1 after being normalized by calculating the difference between 
the stress in the specimen and the residual stress in the 0.50 wlc specimens. By 
normalizing the stresses in Figure 9b the influence of any heat of hydration is minimized. 
It is evident that the specimens with a lower wlc demonstrate a higher residual stress. 
Also, the figure shows that stresses are initially very low for certain period of time and 
then begin to increase which corresponds to setting of mortars. As may be expected, the 
lower the water to cement ratio the lower the setting time. As its is evident from Figure 9 
the 0.30, 0.35 and 0.40 wlc mortars developed residual stresses at 6 hrs, 9 hrs and 12 hrs 
respectively. 

Discussion of Acoustic Emission Measurements 

Autogenous shrinkage can lead to the development of unseen damage or microcracking. 
Previous research (12- 15) has shown that microcracking may occur at the interface of the 
aggregate. The behavior of the specimen was once again observed to depend on the wlc. 
Figure i0  shows the acoustic activity measured in the free shrinkage specimens. The 
0.30 wlc specimens showed the highest energy, followed by the 0.35, 0.40, and 0.50 wlc 
specimens respectively. To better understand these results, a conceptual drawing that 
describes the stress development and cracking in an unrestrained specimen is shown in 
Figure 1 1. The paste surrounding the aggregates shrinks thereby compressing the 
aggregate. The aggregate pushes back against the paste with an equal force, causing local 
tensile stresses to develop in the paste surrounding the aggregate (this is similar to the 
stresses developed in the ring-test). These localized tensile stresses are likely the cause 
of microcracking in the paste. The results of the laser measurements in the previous 
section showed that the lower wfc mixtures have the greatest autogenous shrinkage 
thereby implying that for the same aggregate content and grading an increase in 
microcracking is expected in the lower wlc mixtures. 

In addition to the measured microcracking in the free shrinkage specimen, the acoustic 
activity of the restrained specimen was also recorded. First, it should be noted that all 
restrained specimens demonstrate a higher level of acoustic activity than the free 
specimens (Figure 12). These results are consistent with the idea that unrestrained 
specimens permit some displacement in the paste thereby allowing shrinkage that does 
not result in stress development while the restrained specimens allow little movement. It 
can also be noted that these results indicate that simply sealing the specimen during very- 
early ages is not an adequate method to prevent damage in low wlc mixtures. 

The effect of aggregate content was determined using acoustic emission testing. First, 
comparing low and high aggregate content specimens, 15% and 45% aggregate by 
volume respectively, two different acoustic energy release behaviors can be seen (Figure 
14). The overall acoustic energy of the specimen with low aggregate volume was lower 
than the specimen with the higher aggregate volume. In addition, the response of the 
specimen with the lower aggregate volume has discrete increases in energy. This would 
be consistent with the idea that the specimen with a lower aggregate volume would have 
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a greater distance between aggregates. Consequently, the cracks that could be expected 
to develop “between” aggregates would be larger resulting in a higher energy release 
(16). 

The total cumulative acoustic energy at 24 hours is plotted for mortars with various 
aggregate volumes as shown in Figure 15. First, the restrained specimens have 
substantially higher acoustic activity after 24 hours for all aggregate contents. Through 
experimentation it was found that an aggregate volume of approximately 55% is the 
maximum aggregate loading that was workable. Figure 15 shows as the aggregate 
content is increased there is an increase in the measured acoustic activity. This is likely 
due to the composite nature of the specimens and an increase in the number of interfaces. 
A decrease in acoustic energy is observed after an aggregate volume of 40% which may 
be attributed to the lower shrinkage that is observed in higher aggregate content 
specimens (Figure 7). 

Comparing. the Results from the Individual Test Methods 

Finally, it is important to compare the results of each test method to begin to develop a 
better understanding of how these measurements are interrelated. Figure 15 indicates 
‘critical times’ for each testing method. It can be seen that the time of set as determined 
using the standard ASTM pin-penetration test occurs at the earliest age. In addition, it 
can be seen that the materials with a lower w/c demonstrate the most rapid set. The 
results from the ring test indicate that the residual stresses begin to develop in the mortar 
specimens several hours after the time of set. Again the stresses develop faster for the 
mixtures with the lowest wlc. While it may initially be considered that the discrepancy 
between the time of set and the time of stress development may be related to a 
temperature change caused by the heat of hydration, it should be noted that similar trends 
have been reported by Bjontegaard (17) in temperature controlled specimens. This may 
imply that young mortars (and concrete) may have a potential to redistribute stresses 
without significant stress development. Further research is needed to determine how 
stresses develop while the structure of the paste is forming. It can also be seen that the 
acoustic sensors become active approximately 1 to 2 hours after the development of 
residual stress is observed. This appears to indicate that a specific residual stress level 
(or shrinkage) must be achieved before microcracking can occur. Further research is 
needed to clariS, when shrinkage measurements should begin for use in modeling the 
stress development and cracking. In addition, further research is needed to develop 
methods to related stresses and strains while the concrete is setting. 

SUMMARY AND CONCLUSIONS 

In conclusion, this paper has illustrated that several different non-invasive test methods 
can be used to describe the behavior of mortars at very-early ages. The three test 
methods used provide separate but related results. 

0 Non-contact lasers can be used to measure the amount of total shrinkage that 
occurs during the first 24 hours. The lasers detected a high amount of shrinkage 
before initial set, a slight expansion between initial and final set, and continued 
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shrinkage after final set. As expected, mixtures with a lower w/c and mixtures 
with lower aggregate contents showed the greatest shrinkage. 

The restrained ring test was used to measure the amount of residual stress 
development due to autogenous shrinkage. An analytical expression was used 
to convert strain measurements from the ring test into residual stresses. Again 
the residual stress measurements showed that the lower w/c mixtures had the 
greatest stresses. In addition the stresses in the lower w/c mixtures develop at 
earlier ages. 

Acoustic emission testing showed that activity began a few hours after the time 
of stress development. The restrained specimens showed a greater acoustic 
activity than the unrestrained specimens. In addition, the specimens with a 
lower w/c demonstrated a higher acoustic activity. Measurements on specimens 
with varying aggregate content showed that the acoustic activity increased with 
aggregate volume to approximately 40% after which aggregate volume the 
acoustic activity decreased presumably due to the decrease in overall shrinkage. 

Stresses were observed to develop several hours after the time of final set and 
acoustic activity occurred 1 or 2 hours after the development of residual stress. 
This suggests that some critical stress level (or strain level) needs to be reached 
before microcracking will begin. 
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Measuring Non-Drying Bulk Shrinkage of 
Cement Paste and Mortar Using 

Archimedes' Principle 

by K. S. Douglas and K. C. Hover 

S y m p k  This paper evaluates a test method for measuring bulk, autogenous volume 
changes in cement paste and mortar. In this test method, paste and mortar were sealed in 
latex membranes and submerged in water. The weight of the specimens was recorded 
periodically, both in air and submerged in water, and their volume change was calculated 
using Archimec 2s' principle. Several sources of error in the test method were identified, 
and measures were taken to account for some of this error. It was concluded that the 
experimental error for this test may be quite substantial as the test duration increases, and 
therefore this test method is most suited for measuring the early age volume changes of 
cement paste and mortar. 

Keywords: Archimedes' principle; autogenous shrinkage; buoyancy; 
shrinkage; volumetric measurement 
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INTRODUCTION 

Shrinkage is a fundamental characteristic of concrete that occurs when the cement paste 
loses volume as a result of consolidation by internal or external forces. These forces 
originate from hydration and water-loss mechanisms in the cement paste. Although the 
authors recognize internal shrinkage in mortar and concrete (e.g. at the paste-aggregate 
interface), the topic of this paper is “bulk shrinkage” of cement paste and mortar. Bulk 
shrinkage is not only the concern of this work, but also a serious concern for the concrete 
industry since it involves macroscopic volume changes. Consequently, bulk volume 
changes will influence the development of stress and subsequent cracking of concrete. 
As defined in this paper, bulk shrinkage is the decrease in volume of the paste or mortar 
enclosed by the external surface of the specimen (illustrated in Figure 1). Therefore, bulk 
shrinkage is a volumetric measurement which is expressed in this work as a percentage of 
the initial specimen volume. 

This paper evaluates a test method for measuring bulk shrinkage of cement paste and 
mortar in the absence of water movement to and from the specimen (Le. “non-drying” 
bulk shrinkage). In this method, paste and mortar were sealed in an elastic membrane 
(Le. a condom). The sealed specimen was stored continuously in water for a duration of 
7-days, and the weight of the specimen was recorded periodically - both in air and 
submerged in water. Using the principles of buoyancy (also referred to as Archimedes’ 
principle), the bulk volume of the specimen and its corresponding shrinkage were 
calculated from these weight measurements. Although this test method has been used in 
one form or another since at least 1975 (l) ,  the general method discussed in this paper 
follows that of Justnes et al. (2) and Thomas et al. (3). One important advantage of this 
test method is its ability to capiure shrinkage while the paste or mortar is still soft and 
deformable. 

Although this test method was intended to measure the bulk volume changes of the 
sample in the absence of evaporation and absorption, it will be shown that the elastic 
membrane absorbed water. This in turn led to volume changes of the membrane and the 
accumulation of water in the specimen, both of which influence the bulk volume of the 
specimen. If the additional volume changes due to water absorption are not accounted 
for, the results of this test become difficult to interpret as the test duration increases. 
Since this study was part of a larger research program to evaluate a mixing process for 
mortar (4), it was important to determine the magnitude of these additional volume 
changes. The procedure used to quantifi the volume changes due to water absorption 
will be summarized in this paper. 
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NON-DRYING BULK SHRINKAGE MEASUREMENTS IN THE LITERATURE 

Shrinkage of cement paste and concrete in the literahire encompasses a wide range of 
terminology, including plastic shrinkage (5-8),  drying shrinkage (9- 12), and autogenous 
shrinkage (13-17). However, it is important to point out that the distinction in 
terminology mainly signifies differences in the age of the specimen during the 
measurement period, the test method used to measure shrinkage, and whether or not the 
paste or concrete is exposed to conditions that allow water to evaporate. Some of the 
earlier procedures for measuring non-drying bulk shrinkage were outlined by de Haas et 
al. (1) and Setter and Roy (18). More recently, Justnes et ai. (2, 19, 20) developed a 
method to measure bulk shrinkage from which the method in this paper is based. It 
should be noted however that the works cited (see also reference 21) do not account for 
any absorption of water by the specimens. 

In the literature, the term “autogenous shrinkage” is used to describe what has been called 
bulk shrinkage in this work. (The authors have chosen to use a different terminology 
because test methods for autogenous shrinkage often measure a linear strain for prismatic 
specimens.) There has been some debate as to when the measurement period should 
begin for autogenous shrinkage tests (22). In most research regarding autogenous 
shrinkage, the measurement period begins either at the time of initial set or 24 hours after 
casting. However, other researchers believe that autogenous shrinkage tests should 
encompass all external (bulk) volume changes that occur from the moment that the water 
is added. 

In this work, the initial measurement of the specimens was taken an average of 90 
minutes to 2 hours after the addition of water to the dry materials. This was a result of 
the large experimental program previously mentioned, which required specimens for 
many different tests from large batches of mortar. Note that structures themselves are 
only affected by shrinkage that occurs after placing. Since ASTM C 94 (23) allows 
discharge of concrete at the site up to 90 minutes after the introduction of water to the 
cement, concrete may be placed as late as 90 minutes to 2 hours in some structures. 
Therefore, although the initial measurement in this paper is slightly later than some 
researchers (2, 19, 20), it is within the limits of placing times for struchires. The 
differences in initial measurement times among researchers are important to keep in mind 
when comparing and interpreting results. 

MATERIALS 

The cement used in the current work was a Type I cement with an average Blaine 
fineness of 379-m’kg and a specific gravity of 3.16. The Blaine surface area and 
specific gravity were determined at Comell University in accordance with ASTM C204- 
91(a) and ASTM C188-95, respectively. 

The sand used for the mortars was a Porter sand acquired from the Waverly, NY quarry. 
The apparent specific gravity and absorption of the sand were determined at Comell 
according to ASTM C 128-97. These values were determined to be 2.67 and 2.0, 
respectively. In addition, the average moisture content of the sand over the course of the 
experimental program was 0.33%, determined according to ASTM C 566-97. 
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MIX PROPORTIONS AND PROCEDURES 

The mix proportions for each mortar and paste trial are provided in Table 1. Note that the 
mortars only varied in their sand-to-cement ratios. The mortars were mixed in a 0.17-m3 
mortar mixer, with paddles that rotated at approximately 45 rpm. The exact procedure, 
including mixing times, is detailed in (4). The pastes were mixed by pouring all of the 
cement and water into a Ziploc@ bag, which was then compressed by hand to remove the 
air and sealed. The paste was massaged by hand (while in the bag) until it was free of 
clumps and appeared uniform in consistency (approximately 5 minutes). After removing 
the clumps, the paste was extracted from the bag for casting by cutting a small hole in the 
corner through which the paste could flow into the mold. 

BULK SHRINKAGE SPECIMENS 

Selection of Elastic Membrane 

The type of elastic membrane used for the bulk shrinkage specimens was an important 
parameter in this research project. A preliminary study was performed using various 
types of membranes and storage mediums (4). From this study it was concluded that 
latex condoms best met the desired criteria for the elastic membrane, namely low 
permeability, durability, and adequate elasticity. 

Casting Procedures 

The following is a summary of the procedure for casting the bulk shrinkage specimens. 
A detailed account of this procedure is provided in (4). Casting began within 5 minutes 
after the completion of mixing. Unless otherwise specified, all weights were recorded to 
a precision of 0.01 grams. 

The casting procedure began by filling a plastic cylinder mold with paste or mortar. This 
was done to control the volume of the specimens, which was approximately 150 cm3. 
The sample was compacted in the mold in two layers by rodding, and then poured into a 
latex condom. The sample was then compacted once again in the condom (also in two 
layers) to minimize the number of air voids. Being careful not to trap any air within the 
condom, the condom was twisted shut just above the sample, and tied-off with a nylon 
cable tie. The excess portion of the condom above the tie was cut off, and the top portion 
of the specimen just above the cable tie was washed and dried. Sealant was then applied 
in two coats above the cable tie, and the specimen was immediately weighed, first in air 
and then submerged in water. Note that it is critical to minimize the volume of air 
trapped inside the specimen during casting. As discussed later, air trapped in the 
membrane will lead to substantial errors in measuring bulk shrinkage. 
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