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Abstract

Short-term creep and shrinkage strains were monitored at early age on hydrated Portland cement pastes prepared with two

different water–cement ratios (0.35 and 0.50). Creep experiments were conducted in an environmentally controlled chamber

maintained at (96� 2)% relative humidity. The three ages at loading investigated were 18, 24 and 30 h. The stress–strength ratio

applied to the specimens at the age of loading, using a miniature loading system, was 0.30. Cement paste specimens were in the form

of ‘‘T-shaped’’ columns with a minimum thickness value (for the web and flanges) of less than 1.2 mm. Load-induced hydration (not

normally considered in creep prediction) of normal strength cement paste (w=c ¼ 0:50) was found to occur at early times following

the loading at 18 h.

An analytical model was developed in order to predict the creep coefficient of normal and high strength cement pastes from early

age data. The model accounts for load-induced hydration effects.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Creep and shrinkage of Portland cement systems

(paste, mortar and concrete) are known to be complex

phenomena. However, the operative mechanisms, after

almost a century of wide investigation, are not yet

clearly understood [1,2]. Creep and shrinkage, however,

are generally believed to be very sensitive to the process
of curing, the surrounding environment, the specimen

size, and especially the composition of the paste or

concrete [2–5].

The microstructural features of very young cement

paste make its role in the creep process difficult to study

by conventional means, particularly if drying takes place

during the experiment. The recent knowledge of the

microstructure of calcium silicate hydrates (C–S–H)
obtained from various techniques (TGA/DTA, IR

Spectroscopy, NMR etc.) has led to a better under-

standing of the distribution of water within the paste

and the C–S–H [1,2,6–8]. New approaches for studying

creep and shrinkage that minimize the moisture gradi-

ents within the specimen may provide practical insights
*Corresponding author.

0958-9465/$ - see front matter � 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0958-9465(03)00079-9
and contribute to the resolution of some uncertainties

with respect to deformation mechanisms. In this study

creep data were obtained on miniature specimens under

environmentally controlled conditions. The effects of

load-induced hydration (i.e. hydration attributed un-

iquely to the application of sustained load and in addi-

tion to that which occurs with the normal course

of hydration in a stress-free state) on creep prediction
were assessed.
2. Experimental program

2.1. Specimen preparation and characteristics

The hydrated cement paste used for this experimental
study was made with type 10 normal Portland cement

mixed with de-aired distilled water at two different

water–cement ratios (0.35 and 0.50). The Portland ce-

ment had the following composition (in percent): SiO2

(20.72); Al2O3 (5.87); Fe2O3 (3.07); CaO (62.66); MgO

(3.46); SO3 (2.18) and free lime (0.24). The Bogue

composition was as follows: C3S (46.5); C2S (24.6); C3A

(10.4) and C4AF (8.3). The fineness of the cement was
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340 m2/kg. Mixing details are provided elsewhere [9].

The cylinders were slowly rotated while the paste

hardened in order to avoid bleeding and to produce a

more homogeneous product. Specimens were demoul-
ded after 18, 24 and 30 h and stored in lime-saturated

water at (22� 2) �C up to the testing period.

The compressive strength values at 18, 24 and 30 h

were 15, 21 and 24 MPa for normal strength paste

(w=c ¼ 0:50) and 25.3, 41.7 and 53.0 MPa for the high

strength paste (w=c ¼ 0:35) respectively. The initial

stress–strength ratio for the creep tests performed on

specimens at any stage of hydration was 0.30. The
samples were fabricated from paste cylinders and ma-

chined to obtain a ‘‘T-shaped’’ specimen with flanges

and web about 1.2 mm thick with a height of 25.4 mm

and a flange width of 5.7 mm. Several specimens could

be cut from the same cylinder. A special jig was con-

structed to facilitate the cutting of the specimens with

a precision saw.

2.2. Thermal analysis

Differential thermogravimetric analysis (DTGA) was

used to characterize the state of water in the samples. A
Dupont 951 Thermal Analyzer placed in an environ-

mentally controlled chamber was used for the tests.

From thermogravimetric analysis data the degree of

hydration of Portland cement paste while hardening

was determined for the loaded and unloaded samples at

early age. Powers and Brownyard [6], defined the degree

of hydration as the ratio of non-evaporable water con-

tent of the cement paste at time t to the non-evaporable
water content at the complete hydration of the cement

paste (at t ¼ 1). For a typical Portland cement paste,

the latter is generally about 25% by mass of the cement

content while the bound water at time t is determined

by the mass loss of the paste heated between 105 and

1050 �C.
Other definitions of bound water have been proposed

by Danielsson [10] giving slightly different results. In the
present study small variations in the degree of hydration

due to different methods of measurement were not

considered significant, as it is the relative time dependent

changes that are of primary interest.

Additional comment on the degree of hydration

measurements is made to clarify the uniqueness of the

experiment designed to determine a load-induced hy-

dration effect. As stated previously estimation of degree
of hydration was carried out thermogravimetrically.

Non-evaporable water content determinations formed

the basis for the calculations (details provided in the

following section).

The creep frames were designed to test two specimens

simultaneously. Several miniature creep samples were

cut from the same stock i.e. a cylinder 80 mm long. This

provide samples of essentially the same paste material.
At the end of a given time interval the samples were

removed from the creep apparatus for thermal analyses.

Companion specimens in other load frames were not

removed but remained under load until a further spec-
ified time had elapsed. Thus the non-evaporable water

content determinations were carried out on two speci-

mens each time for a set of time intervals. Several in-

creasing time intervals were selected to enable the

construction of �load-induced� degree of hydration ver-

sus time curves. Previous work by Zhou and Beaudoin

[11] on the hydration of both Portland cement paste and

C3S paste under applied hydrostatic stress also indicated
a stress-induced hydration effect. The degree of hydra-

tion was determined using two different measuring

techniques on a large number of replicate samples. One

method utilized the endothermic transition for C3S at

about 915 �C to estimate the amount of untreated C3S

[12]. The other used TGA to estimate the amount of

non-evaporable water. Variation in values of non-

evaporable water for specimens cut from the same
cylinder does not exceed 2%.

2.3. Miniature loading system

The ‘‘T-shaped’’ specimens were mounted on a min-

iature fixed frame equipped with a loading mechanism

and load cell. The system consists of a spring with a

constant stiffness of 78.8 N/mm, which is connected at

the upper end to a load cell with a maximum capacity of

1112 N. The load can be adjusted through a screw
linking the spring to the fixed frame. The lower end of

the spring transmits the load to two ‘‘T-shaped’’ speci-

mens through the movable specimen holder. The mod-

ified Tuckerman optical extensometers used for length

change measurements, were then mounted on the flanges

of each of the two ‘‘T-shaped’’ specimens and coupled at

their sides with appropriate springs. The assembly was

then placed in environmentally controlled cells. The
strains could be determined with a sensitivity of 1� 10�6

mm/mm. Duplicate specimens were used for each test

condition. Careful precautions to minimize carbonation

were taken in all phases of the experiments including the

use of glove boxes flushed with nitrogen. The creep

frames were housed in perspex cylindrical containers,

which were then placed in the glove boxes providing

double protection. This was considered extremely im-
portant, as appreciable carbonation can significantly

affect deformations and microstructure. Further details

of the measurement system are provided in Ref. [9].
3. The significance of degree of hydration and early age

creep

The influence of degree of hydration at the time of
loading and during the period of sustained load on creep
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has been reported by many authors [13–19]. The degree

of hydration of specimens under sustained load is esti-

mated (by these authors) from measurements obtained

on unloaded samples. It is apparent that the published
values increase of hydration under load do not refer to

load induced hydration (i.e. the increment in degree of

hydration due to the application of the load itself) but

rather to hydration that proceeds normally. Load-

induced hydration referred to in this paper (see follow-

ing section) results directly from application of the load.

The degree of hydration was determined at intervals of

time under sustained load. Specimens were unloaded at
given time intervals to determine the degree of hydra-

tion. Measurements were made on several companion

specimens (cut from the same cylinder) loaded for dif-

ferent time periods as loaded specimens were discarded

after each non-evaporable water determination follow-

ing unloading.

Several authors [13,14] have developed expressions

for creep as functions of degree of hydration at loading
and the time-dependent degree of hydration under sus-

tained load. It is apparent that these equations would

have to be modified using real-time changes in degree of

hydration resulting from the load itself. Scatter of creep

data (model versus experiment) appears to be satisfac-

tory (visual) but the model values at any value of the

argument can vary by up to 75% [13]. De Shutter [13,14]

further states that the temperature influence is incor-
porated in the hydration model. This implies that tem-

perature does not change the nature of C–S–H. This is a

moot point especially at early ages. De Shutter raises

the question as to whether both creep and hydration at

very early age are more fundamentally coupled. Evi-

dence in this paper (see Section 4) for load-induced

hydration strongly suggests that the coupling is real.

Timusk and Gosh conclude that the maturing com-
ponent of creep appears to arise primarily from the

hydration process [18]. They observed that creep does

not vary linearly with stress–strength ratio if hydration

continues to proceed after loading. It is argued that in-

creased hydration only changes the gel–space ratio

which in turn determines compressive strength and creep

potential. A load-induced hydration effect would suggest

that more fundamental changes occur, possibly to the
C–S–H itself.

The work of Ulm and Coussy describing strength

growth as chemo-plastic hardening in early age concrete

is relevant to a concept including load-induced hydra-

tion and is groundbreaking [19]. Macroscopic behavior

of concrete including hydration kinetics, autogenous

shrinkage and strength development is interpreted

through analysis of chemo-mechanical, thermo-chemical
and chemo-plastic coupling. The analysis accounts for

the evolution of plastic properties including cracking

and hardening/softening behavior. It was assumed that

the thermodynamic imbalance of the hydration reaction
does not depend on the stress applied in order to elim-

inate creep effects related to hydration in the modeling.

This may need re-examination as it would seem in-

compatible with the observations of load-induced hy-
dration reported in this work.

Consideration of autogenous shrinkage is relevant as

menisci effects can place the matrix skeleton in com-

pression; these effects can contribute to creep. In the test

environment of the present work (96% RH) these effects

would be minimal. Chemical shrinkage and related mi-

crodiffusional processes associated with the hydration

reaction also contribute to the observed deformation.
These contributions are likely to be small for Portland

cement paste conditioned at 96% RH. Ulm has modeled

concrete creep based on two fundamental mechanisms––

dislocation and microdiffusion––coupled with time-

dependent hydration [20]. A dislocation mechanism

(described in terms of slipping–sliding of C–S–H sheets)

is assigned to long-term creep. Viscoelastic microdiffu-

sion based deformation are attributed to early age mi-
crostructural effects. Any modification of the C–S–H

due to early age load-induced hydration may have an

influence on both short and long-term creep.

Helium diffusion measurements (helium inflow versus

time) obtained on cement paste subjected to an applied

load provide insight as to the consequences of micro-

structural change on creep [21]. Helium inflow is sig-

nificantly reduced under the application of load. Density
change of C–S–H due to loss of water (up to 7% by

mass) is little affected by stress. It was concluded that the

decrease in rate and amount of helium inflow is largely

due to constriction of the entrances to vacated interlayer

spaces and not to their elimination. It was also felt that

water in the spaces has a significant role in resisting

deformation due to stress. In fact it was shown by

Feldman that these spaces likely increase in volume.
Second drying of cement paste results in an increase in

the solid volume observed on first drying [22]. An in-

crease in interlayer volume was interpreted as an in-

crease in the number of creep sites. The idea of interlayer

creep sites was subsequently supported and advanced by

Wittmann [23] and Bazant [24]. The concept of creep-

site creation is relevant to early age phenomena as the

conditions of formation of C–S–H are apparently dif-
ferent under load as evidenced by the load-induced

hydration effect described in this paper and by Zhou

and Beaudoin [11].
4. Test results and discussion

The degrees of hydration as well as the CH content

are presented in Tables 1 and 2 for the 0.35 and 0.50

water–cement ratio pastes at different stages of harden-

ing. The results for water–cement ratio ¼ 0.35 pre-

sented in Table 1 are not remarkably different for the



Table 1

Degree of hydration and Ca(OH)2 content of hardening cement paste

ðw=c ¼ 0:35Þ loaded at 18, 24 and 30 h at a stress/strength ratio of 0.3

Age Unloaded sample Loaded sample

Degree of

hydration

Ca(OH)2
content

Degree of

hydration

Ca(OH)2
content

18h 0.54 0.068 0.54 0.068

24h 0.64 0.073 0.57 0.072

30h 0.65 0.079 0.62 0.078

42h 0.74 0.080 0.66 0.080

24h 0.65 0.078 0.65 0.078

36h 0.71 0.080 0.67 0.083

48h 0.77 0.084 0.70 0.087

72h 0.84 0.091 0.78 0.089

30h 0.67 0.081 0.67 0.081

54h 0.79 0.086 0.77 0.088

78h 0.82 0.089 0.79 0.088

102h 0.88 0.088 0.81 0.090

Table 2

Degree of hydration and Ca(OH)2 content of hardening cement paste

ðw=c ¼ 0:50Þ loaded at 18, 24 and 30 h at a stress/strength ratio of 0.3

Age Unloaded sample Loaded sample

Degree of

hydration

Ca(OH)2
content

Degree of

hydration

Ca(OH)2
content

18h 0.50 0.064 0.50 0.064

24h 0.55 0.068 0.79 0.076

30h 0.63 0.075 0.86 0.077

42h 0.73 0.079 0.88 0.083

24h 0.60 0.075 0.60 0.075

36h 0.70 0.079 0.69 0.078

48h 0.72 0.086 0.71 0.084

72h 0.81 0.093 0.78 0.089

30h 0.61 0.080 0.61 0.080

54h 0.80 0.087 0.73 0.085

78h 0.78 0.090 0.79 0.088

102h 0.80 0.092 0.77 0.093
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Fig. 1. Total strain (creep+shrinkage) of hardened cement paste

ðw=c ¼ 0:35Þ while conditioning at 96% RH and loaded at different

ages of hydration.
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Fig. 2. Total strain (creep+shrinkage) of hardened cement paste

ðw=c ¼ 0:50Þ while conditioning at 96% RH and loaded at different

ages of hydration.

484 B.T. Tamtsia et al. / Cement & Concrete Composites 26 (2004) 481–489
loaded and unloaded case. However, it appears from

Table 2 that the loading of samples at very early age, e.g.

18 h can increase the hydration (compared to that of

unloaded samples) of ordinary hardening cement paste

(at w=c ¼ 0:50). After 24 h of hydration or greater, the

loading shows a negative effect on the degree of hydra-

tion for 0.35 and 0.50 water–cement ratio pastes at

various hardening times.
The total strain–time curves for the very young ce-

ment paste specimens (w=c ¼ 0:35 and 0.50, stress–

strength ratio ¼ 0.30) under sustained load at 96� 2%

RH are presented in Figs. 1 and 2. The rate of change of

total strain in the first 18 h seems to be similar for the

ordinary cement paste (w=c ¼ 0:50) loaded at 18, 24 and
30 h old. The high strength cement paste (w=c ¼ 0:35)
shows the rate of change of total strain increasing with
the age of the paste at loading. The total strain after

three days of loading at age of 18, 24 and 30 h is 811,
1153, 2248 l2 for high strength (w=c ¼ 0:35) speci-

mens and 1646, 1614, 1297 l2 for normal strength
(w=c ¼ 0:50) specimens respectively. Strain recovery for

the high strength cement paste specimens loaded at 18,

24 and 30 h old is 384, 356 and 1080 l2 respectively

while that of normal strength specimens is 484, 416 and

380 l2 respectively. The increase in total deformation of

the high strength cement paste (particularly the 30 h old

specimens) may be partly due to the larger volume

fraction of the hydrated product leading to an increase
in creep sites as the hydration progresses.

The relatively high shrinkage (rate and magnitude) of

the 30 h old high strength specimens (see Fig. 3) may

also contribute to the high value of the total strain. This

may be due to menisci effects causing compression on

the solid matrix as described by Ulm [20]. Low water–

cement ratio pastes are more susceptible to this effect

due to possible self-desiccation. Swelling has also been
observed by Vernet and Cadoret [25] between 4 and 20

h. It has been attributed to the precipitation of some

coarse crystals during the setting period [25]. This be-
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Fig. 3. Shrinkage of hardened cement paste ðw=c ¼ 0:35Þ while con-
ditioning at 96% RH at different ages of hydration.
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Fig. 4. Shrinkage of hardened cement paste ðw=c ¼ 0:50Þ while con-
ditioning at 96% RH at different ages of hydration.
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Fig. 5. Compliance J of hardened cement paste ðw=c ¼ 0:35Þ while

conditioning at 96% RH and loaded at different ages of hydration.
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Fig. 6. Compliance J of hardened cement paste ðw=c ¼ 0:50Þ while

conditioning at 96% RH and loaded at different ages of hydration.
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havior was observed for the w=c ¼ 0:50 specimens and

particularly for the 18 h old paste as shown in Fig. 4.

The high and normal strength pastes both exhibit at a

very early ages an increase in the shrinkage strain values

with time starting from the age at loading. There is an

increase in amount of shrinkage with the age of the

specimens at loading. After three days the shrinkage

strain for the high strength cement paste specimens
loaded at 18, 24 and 30 h old is 152, 176 and 248 l2
respectively while that of normal strength specimens is

20, 80 and 260 l2 respectively. Substantial evidence has

been presented that indicates that the shrinkage of

young concrete is higher as the water/cement ratio is

lower [26]. The high strength 18 h old specimens do not

show any swelling indicating that it either takes place

earlier or it may be less of a factor in the behavior of
high strength paste than in normal strength paste.

The compliance J of the high strength cement paste is
lower at any age of loading compared to that of normal

strength specimens (see Figs. 5 and 6). For high strength

paste (w=c ¼ 0:35) the specimens loaded at 30 h show a

significant compliance (rate and magnitude) with a be-
havior totally different from the normal strength

(w=c ¼ 0:50) paste in which the magnitude of creep or

compliance decreases with the increase of the age at
loading. The compliance recovery of the normal

strength paste also decreases with the age at loading

(see Fig. 6).

There may be two factors governing the magnitude of

the compliance––the degree of hydration and porosity.

These factors are controlled by the water–cement ratio.

The compliance process may have a greater dependence

on the state of hydration (reflecting the contribution of
the solid phase) of the hardening Portland cement paste

in the case of the w=c ¼ 0:35 specimens. The increase of

the compliance magnitude at early age seems to be re-

lated to the amount of C–S–H. The 18 h old specimens

of normal strength paste (w=c ¼ 0:50) and the 30 h old

specimens of high strength paste (w=c ¼ 0:35) both un-

dergo a considerable increase in the degree of hydration

while under load (Table 1). In such specimens, the larger
amounts of C–S–H (with respect to the loaded sam-

ples) signify the presence of a significant number of

creep centers and consequently the development of a
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significant creep magnitude. This is a less important

effect at higher water–cement ratio as porosity is a

dominant factor.

The compliance rate data of normal and high
strengths specimens loaded at ages of 18, 24 and 30 h

plotted against the elapsed time under loading is pre-

sented in Figs. 7 and 8 respectively. The log–log scale

curves obtained indicate a linear trend of the compliance

rate similar to that previously presented for well hy-

drated normal strength hardened cement paste [9]. The

parameter k, which is the coefficient of the power

function fitted to the curves in the figures decreases with
the increase of the degree of hydration of the normal

strength paste. The high strength paste at early age does

not show the same relation as the more well hydrated

(low strength) paste. This may be due to the greater

shrinkage and the corresponding total creep for the 30 h

old specimens.

During the first few days following loading of hard-

ening Portland cement paste, creep may be largely in-
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Fig. 7. Compliance rate, dJ=ds, of hardened cement paste

ðw=c ¼ 0:35Þ while conditioning at 96% RH and loaded at 18, 24 and

30 h of hydration.

1

10

100

1000

10000

0.01 0.1 1 10

18 hours old

24 hours old

30 hours old

8806.02,6395.0812.51 =−= R
d
dJ ττ

8794.02,8335.0456.26 =−= R
d
dJ ττ

8137.02,6081.0670.79 =−= R
d
dJ ττ

Fig. 8. Compliance rate, dJ=ds, of hardened cement paste

ðw=c ¼ 0:50Þ while conditioning at 96% RH and loaded at 18, 24 and

30 h of hydration.
fluenced by the capillary porosity. There may also be

space for load-induced hydration products to form es-

pecially at higher water–cement ratios. This may explain

the high magnitude of compliance observed in normal
strength paste compared to that of the high strength

specimens (see Figs. 5 and 6 and earlier discussion).

Further, the fact that both the compliance magnitude

and rate of the specimens are influenced by the degree of

hydration while under load suggests that the rate-de-

termining mechanism proposed by Wittmann [27], may

be effective i.e. the volume growth of C–S–H in the

capillaries is related to an increase in the number of
creep centers. The diffusion of water, which may occur

after loading, may then have a significant effect on very

young hardening cement paste and a lesser effect on

more mature cement paste.

Analysis of the compliance rate curves obtained for

very young and more mature cement pastes suggests

that several factors may contribute to the magnitude of

short-term creep. These include the water content of the
paste or relative humidity and the quantity of C–S–H

formed while under load. Another possibility is that the

sliding of C–S–H sheets may occur at very early ages

and significantly contribute to the magnitude of short-

term creep.

Load-induced hydration effect may result in more

poorly aligned C–S–H sheets formed in confined space.

Misalignment may result in a greater number of creep
sites. Previous work has confirmed that creep can also

occur without the presence of water [9]. This is com-

patible with a physical process i.e. a sliding mechanism.

It is therefore very important to determine the degree of

hydration from loaded specimens, as hydration can be

induced by the loading itself particularly in a very young

normal strength cement paste.

The compliance rates of very young specimens (18, 24
and 30 h old) and that of a mature 30 years old normal

Portland cement paste are plotted in Fig. 9. It can be seen

that the overall rate (at early ages of loading) may be-

come coincident with the fitted curve. The first segment is

not considered to be due to the diffusion of water within

the hardening matrix [28] due to the coincidence of the

data within 5–10 days. Water diffusion alone is not suf-

ficient to explain the large and significant magnitude of
creep observed on very young cement paste specimens

[29]. Both the material age ðtÞ and the elapsed

time ðs ¼ t � t0Þ under loading seem to be of importance

with respect to the compliance rate of hardening cement

paste.

The creep strain ðecÞ is generally defined as the dif-

ference between the total time dependent strain ðeÞ and
shrinkage strain ðeshÞ. It can be expressed as follows:

ec ¼ e � esh ð1Þ

The stress, r, is the applied compressive stress at the age
t ¼ t0. At any given age of loading in the present study,
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r corresponds to 30% of the compressive strength of the

material. The sum of the creep strain ðecÞ caused by the

sustained stress r and the elastic strain ðecoÞ can be

written as follows:

eco þ ec ¼ Jðt; t0Þr ð2Þ

By dividing the Eq. (2) by r and re-arranging terms,

the compliance can be expressed as follows:

Jðt; t0Þ ¼ J0ðt0; t0Þ½1þ Uðt; t0Þ� ð3Þ

J0 is the compliance at the age of loading t0, and rep-

resents the inverse of the modulus of elasticity at t0.
Uðt; t0Þ, defined as the creep coefficient, represents at any
time, the constant by which the elastic strain should be
multiplied in order to obtain the corresponding creep

strain.

In order to avoid taking into account both t and
s ¼ t � t0 while formulating models for creep strain of

cement paste and/or concrete, it seems advantageous to

consider the degree of hydration ðadÞ of loaded speci-

mens as the main variable. Neville et al. [30,31] have

reported a relation between the strength and stress/
strength ratio of concrete at the time of application of
w/c=0.35
Y = 0.9948 X
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Fig. 10. Comparison of model and experimental creep coefficients for high

conditioning at 96% RH.
load and the creep strain following a given elapsed time

under loading. Further Ross [32] noted that the prop-

erties of concrete are profoundly affected not only by

age of the material but also by temperature during the
curing period. It is apparent that time alone is not

sufficient for comparison of creep properties.

Mills [33] stated that water penetrating into areas of

restricted adsorption in the gel is capable of bearing load

and contributing to the stiffness of the concrete. He

therefore assumed that strongly adsorbed water is ca-

pable of resisting shear stress while that condensed in

comparatively coarse capillaries is incapable of making
this contribution. The state of water and relative hu-

midity is thus of great importance for creep properties.

Feldman and Sereda [7] modeled the layer structure of

the gel particles by two parallel surfaces (C–S–H sheets)

and described the effect of moisture content on the

modulus of elasticity of cement paste.

On the basis of the literature review and the results

obtained on partially saturated and totally dried mature
specimens as well as those obtained on wet mature and

very young specimens it seems reasonable to conclude

that at a given stress/strength level, the compliance will

mainly depend on the degree of hydration ðadÞ evolving
under load, the degree of hydration at loading ðadoÞ and
the relative humidity (rh) in the hardening cement paste

and/or concrete. The proposed mathematical formula-

tions corresponding to these observations are similar to
those proposed by De Shutter and Taerwe [16] the ex-

ception that the term ad includes both the extent of

hydration due to the load itself and that due to normal

hydration in a stress free state.

Jðad; ado; rhÞ ¼ J0ðado; rhÞ½1þ Uðad; ado; rhÞ� ð4Þ

Uðad; ado; rhÞ ¼ k1ðado; rhÞ½fad �
k2ðado;rhÞ ð4aÞ

fad ¼
ad � ado

ado
ð4bÞ

fad is the fractional increase in degree of hydration while
under load and k1 and k2 are experimental parameters
w/c=0.50
Y = 0.9399 X
R2 = 0.9333
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strength (a) and normal strength (b) cement pastes hydrating while



Table 3

Mechanical model parameters

Parameters w=c ¼ 0:35 w=c ¼ 0:50

18 h old 24 h old 30 h old 18 h old 24 h old 30 h old

J0ðado; adoÞ 48.31 48.08 46.51 126.58 96.15 86.21

ado 0.5454 0.6480 0.6766 0.5048 0.5992 0.6066

k0 52.49 30.24 160.77 207.13 205.07 153.27

k2 0.3863 0.3443 0.4820 0.5621 0.4770 0.8648

k1 ¼ k0=J0 1.0865 0.6290 3.4567 1.6364 2.1328 1.7779

k1 � k2 0.4197 0.2166 1.6661 0.9198 1.0174 1.5375

R2 0.9914 0.9421 0.9851 0.8777 0.9831 0.9217
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depending both on degree of hydration at loading ðadoÞ
and relative humidity (rh) provided that the experiments

are all conducted at the same initial stress–strength

ratio.

For the present study, the relative humidity was kept

constant at (96� 2)%. The temperature was also main-

tained at 22� 2 �C as any significant change of these

parameters was considered to affect the degree of hy-
dration. Special precaution was therefore taken by

continuously monitoring the humidity and temperature

in order to avoid any abrupt change during the creep

test.

From the results presented in the first part of the

paper, experimental creep coefficients were obtained

both for normal and high strength paste and plotted

against those obtained using the mathematical model
previously described. The Fig. 10 shows a good corre-

lation between model creep coefficient and experimental

creep coefficient either for normal strength paste or for

high strength paste. The parameters k1 and k2 are pre-
sented in Table 3.
5. Conclusions

1. Load-induced hydration of cement paste can occur

under certain conditions. The sustained loading of

normal strength cement paste ðw=c ¼ 0:50Þ loaded

after 18 h hydration seems to increase the degree of

hydration (compared to unloaded specimens) during

early age creep.

2. It is important to use degree of hydration values de-
termined from specimens that have hydrated while

under load in predictive formulation.

3. The compliance rate of hardening cement paste ap-

pears to depend on the state of hydration of the ma-

terial and is a linear function (log–log plot) of time

after loading.

4. The compliance or creep coefficient of hardening ce-

ment paste can be expressed as a function of the de-
gree of hydration ðadÞ evolving under load at any

time t, the degree of hydration at loading ðadoÞ and
the relative humidity in the hardening cement paste.
References

[1] Yumping X, Jennings HM. Materials science of concrete III. The

Amer. Ceram. Soc.; 1992. p. 37.

[2] Young JF. In: Proceedings of the First Australian Conference on

Engineering Materials, Sidney, 1974. p. 3.

[3] Neville AM. In: Creep of concrete: plain, reinforced and

prestressed. Amsterdam: North Holland Publishing Company;

1970. p. 258.

[4] Mullen WG, Dolch WL. In: Proceedings of the American Society

of Testing Materials, vol. 64, 1964. p. 1146.

[5] Wittmann FH. Reol Acta 1970;9(2):282.

[6] Powers TC, Brownyard TL. J Am Concrete Instit 1967;(43):

933.

[7] Feldman RF, Sereda PJ. Mat Struct 1970;1(6):509.

[8] Sierra R. In: Proceedings of the 7th International Congress on the

Chemistry of Cement, Paris, France, vol. 3, 1980. p. 201.

[9] Tamtsia BT, Beaudoin JJ. Cement Concrete Res 2000;30(9):

1465.

[10] Danielsson U. Mat Struct 1874;7(40):231.

[11] Zhou J, Beaudoin J. Effect of applied hydrostatic stress on the

hydration of Portland cement paste and C3S.�. Adv Cement Res

2003;15(1):9–16.

[12] Ramachandran VS. Estimation of tricalcium silicate through

polymorphic transformation. J Therm Anal 1971;(3):181–90.

[13] De Shutter G. Influence of ongoing hydration on basic creep of

hardening concrete. In: Ulm F-J, Bazant ZP, Wittmann FH,

editors. Creep, shrinkage and durability mechanics of concrete

and other quasi-brittle materials. Elsevier Science Ltd; 2000.

p. 625–30.

[14] Gutsch AW. Creep and relaxation of early age concrete. In: Ulm

F-J, Bazant ZP, Wittmann FH, editors. Creep, shrinkage and

durability mechanics of concrete and other quasi-brittle materials.

Elsevier Science Ltd; 2000. p. 619–24.

[15] Khalil SM, Ward MA. Effect of degree of hydration upon creep of

mortars containing calcium lignosulphonate. Mag Concrete Res

1970;70(22):19–41.

[16] De Shutter G, Taerwe L. Fictitious degree of hydration method

for basic creep of early age concrete. Mat Struct 2000;(33):370–

80.

[17] De Shutter G. Degree of hydration based Kelvin model for basic

creep of early age concrete. Mat Struct 1999;(32):260–5.

[18] Timusk J, Ghosh RS. Maturing creep of Portland cement paste.

ACI J 1971:959–63.

[19] Ulm F-J, Coussy O. Strength growth as chemo-plastic hardening

in early age concrete. J Eng Mech 1996;12(122):1123–32.

[20] Ulm F-J. Couplages thermom�ecaniques dans les b�etons. Un

premier bilan, Laboratoire Centrale des Ponts et Chauss�ees, 1999.

p. 105.

[21] Feldman RF, Beaudoin JJ. Effect of applied stress on microstruc-

tural deformation of hydrated Portland cement paste, character-



B.T. Tamtsia et al. / Cement & Concrete Composites 26 (2004) 481–489 489
ization and performance prediction of cement and concrete.

Engineering Foundation Conference, Hennike, N.H., USA, 1983.

p. 121–3.

[22] Feldman RF. Mechanism of creep of hydrated Portland cement

paste. Cement Concrete Res 1972;(2):521–40.

[23] Wittmann FH. On the action of capillary pressure in fresh

concrete. Cement Concrete Res 1976;(6):49–56.

[24] Bazant ZP. Solidification theory for concrete creep I. Formula-

tion. J Eng Mech 1989;8(115):1691–703.

[25] Vernet C, Cadoret G. In: Presses de l��ecole nationale des Ponts et
Chauss�ees (Paris), 1991. p. 115.

[26] De Larrard F, Acker P. In: Rapports des Laboratoires, �edit�es par

le LCPC (Paris), S�erie Ouvrages d�Art OA-7, 1990.
[27] Wittmann FH. In: Bazant ZP, Wittmann FH, editors. Creep and

Shrinkage in Concrete Structures, 1982. p. 129.

[28] Ulm FJ, Le Maou F, Boulay C. Revue Franc�aise de G�enie Civil
1999;(3–4):21.

[29] Bazant ZP, Hauggaard AB, Baweja S, Ulm FJ. J Eng Mech

1997;11(123):1188.

[30] Neville AM. Role of cement in the creep of Mortar. ACI J

1959;(65):963.

[31] Neville AM. Appl Sci Res Section A 1960;(9):285.

[32] Ross AD. RILEM Bull 1959:55.

[33] Mills RH. In: Proceedings of the Fifth International Symposium

of Chemistry of Cement, Tokyo, vol. III, 1969. Cement Associ-

ation of Japan; p. 74.


	The early age short-term creep of hardening cement paste: load-induced hydration effects
	Introduction
	Experimental program
	Specimen preparation and characteristics
	Thermal analysis
	Miniature loading system

	The significance of degree of hydration and early age creep
	Test results and discussion
	Conclusions
	References


