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ABSTRACT: Highly concentrated stresses are imposed on maturing concrete slab local anchorage zones
when post-tensioning (PT) load is applied. The prime nonlinear phenomena of the concrete while hydrating
are the evolution of stiffness, the thermal strains, the visco-elastic nature of the concrete and cracking. Ther-
mal and visco-elastic effects are more pronounced in early ages due to a higher rate of hydration reaction and
the different phases present. The stresses associated with these effects may cause minor cracks in concrete,
even prior to the application of the PT load. Finite Element simulation of early-age concrete behaviour is pre-
sented representing about four days of concrete curing in a plywood box. The thermal evolution is validated
using experimental data obtained for the same mix. Results demonstrate that hydration reaction and visco-
elastic effects can produce tensile stresses at critical times when the PT load is being applied. These stresses
can have significant effects to the “spalling” stresses when a concentrated load is applied to the concrete sec-

tion.
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1 INTRODUCTION

Post-tensioning of concrete slabs is a popular con-
struction method due to the many advantages it pro-
vides. For instance, it allows faster construction
pace, larger clear spans, thinner concrete slabs, and
better flexibility in the spacing of columns. Large
open floor areas are therefore possible, and can be
achieved at a reasonable cost. These factors, com-
bined with the ease of access to such systems, have
made post-tensioning especially popular in the con-
struction of tall buildings. In order to achieve opti-
mum construction speed and overall economy, the
floor construction cycle needs to be carefully opti-
mized. As a part of this, it is important that post-
tensioning of the slab is done as early as possible,
and according to the project time schedule, so that
the slab has sufficient strength when the cycle starts
over for the next floor above (Cross, 2007).

To control the internal concrete stresses due to
shrinkage and volume changes, an initial 25% of the
total PT load is usually applied 24 hours after the
concrete pour (Cross 2007). The criterion for allow-
ing this is that the concrete must have gained a
minimum compressive strength of 7MPa. When a
compressive strength of 22MPa is reached 3-7 days
later, the remaining post-tensioning of the slab can
be carried out. The post-tensioning stress is applied

using a hydraulic ram, where the stress is deter-
mined from calibrated hydraulic pressure gauges
(FIB 2005). In this paper, the term ‘early-age’ is
used to describe concrete which is one week or less
in age.

1.1 Early Age Concrete Properties

Concrete at early ages is characterized by the fast
evolution of its mechanical properties. This is due to
the chemical hydration reaction occurring between
the Portland cement and the water. Rate of the exo-
thermic reaction is higher during the first few days.
It slows down after three to seven days although the
reaction continues well beyond 28 days.

It is important to know the strength gain and re-
lated properties of concrete during the stages when
the post-tensioning load is applied. Apart from stan-
dard testing of cylinders, maturity method is often
used to estimate the strength gain of the in-situ con-
crete. Maturity is a function of both age and tem-
perature (Neville 1996). Maturity and hydration
process are therefore highly dependent on the ambi-
ent temperatures following the casting of the fresh
concrete. Accurate evaluation of the in-situ concrete
strength is critical in order to avoid risk of cracking
or local failure in the anchorage zone.
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Important factors that may contribute to cracking
and failure of the early-age concrete are the ambient
conditions (e.g. temperature, humidity) and proper-
ties such as creep and shrinkage. For a restrained
concrete element, creep can occur due to thermal
expansion and shrinkage. Creep is considered as a
time dependent deformation of concrete due to the
imposed load. Immediate deformations due to ap-
plied load are referred to as the nominal elastic
strains (Neville 1996). This is not completely cor-
rect since there will always be some early creep, but
it is in practice good enough for most purposes.
Creep can then be taken as the increase in strains as
a function of time, after this point as shown in
Fig.1.
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Figure 1: Time-dependent strains in concrete subjected to ex-
ternal loading over a time [After Neville (1996)]

Additionally, there will also be time-dependent
shrinkage, unaffected of whether the concrete is
loaded or not. Shrinkage is a result of chemical and
physical changes in the concrete volume during the
hydration process. It can be divided into plastic
shrinkage and drying shrinkage. Plastic shrinkage
occurs while the concrete is in the plastic phase.
Drying shrinkage is mostly affected by environ-
mental conditions such as wind speed, temperature
and relative humidity. As shown in Fig. 1, there are
two types of creep which can make up the total
creep, depending on the moisture content of the en-
vironment. If there is no moisture movement be-
tween the concrete and the environment, it can
roughly be assumed that all creep is basic creep,
even though this is also a simplification.

Current design regulations rely on the compres-
sive and tensile strength of the hydrating concrete
only to estimate the anchorage zone bearing capac-
ity. Early age effects are offset by a conservative
design approach. Part of the research undertaken at
the University of Melbourne is to report on the
thermal and creep effects on the local anchorage
zone failures. This paper presents the results of the
initial stage of the study. Thermal behavior of a
typical PT concrete mix hydrating in a plywood box
is presented. The temperature evolution of the con-

Electronic Journal of Structural Engineering, 8 (2008)

crete is validated against experimental datas. Exist-
ing creep model, Double Power Law, is adopted to
investigate visco-elastic behavior. To investigate
creep effects at early ages, a standard concrete cyl-
inder is considered. The model is simulating the hy-
dration reaction and associated thermal strains with
and without consideration of the creep at early ages.

1.2 Notes on visco-elastic behavior of early age
concrete

Elastic materials have the ability to fully regain the
initial shape after being deformed. Concrete at early
ages cannot be assumed to be elastic. A visco-elastic
material exhibits both viscous and elastic character-
istics under deformation. While elastic deformations
are always recoverable upon unloading, viscous de-
formations are never recoverable (Neville 1996). If
the magnitude of the applied load is close to the
concrete strength, this would not be the case due to
cracking and plastic deformations.

1.3 Double Power Law

The Double Power Law is the simplified version of
a creep model developed by Bazant & Panula
(1978). This is a widely used model for long-term
creep The model has been modified by Atrushi
(2003) to incorporate the visco-elasticity behaviour
observed in early-age creep. This modified version
of the Double Power Law is of interest to the cur-
rent study.

Early age compressive and tensile creep of con-
crete has been investigated by Atrushi (2003) using
the modified Double Power Law (DPL). Experi-
mental laboratory tests were carried out in order to
measure the creep of a set of specimens ranging
from 1 to 8 days in age. The strains were then plot-
ted along with the theoretically calculated strains es-
timated by the DPL. For the compressive creep,
very good agreement between the two estimates was
established (Fig. 3). The concrete mix, named
‘BASE-5’, is a high strength concrete with a water-
cement ratio of 0.40 and a 28-day cylinder compres-
sive strength of 80MPa.

The creep function, or compliance function de-
scribing the time-dependent strains is listed:

1
J(t,7)=——|l+ar ™ (t—1)" 1)
)= (T)[ (t-7)"] (
where:
J @@ 1) Compliance function

E (r):  Young’s modulus at the age of load-

ing
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o, d, p: Creep model parameters

7. Age of concrete at time of loading in days
t:  Age of concrete in days

Atrushi (2003) determined creep parameters by
fitting the DPL curve defined by Eq. 1 to each of the
experimentally obtained creep curves in Fig. 3 A
and B. The parameters were then optimised and
summarized into single values that best fitted all the
curves. This was done for both compressive and ten-
sile creep curves. The values are shown in Table 1.

Table 1: Optimised values for DPL creep parameters

a d p
Compressive creep 0.75 0.20 0.21
Tensile creep 0.33 0.27 0.56

Faria et al. (2006) presented a thermo-mechanical
model based on the framework of finite element
with a consideration of phenomena such as the heat
production due to cement hydration, evolving prop-
erties of concrete during hydration and early-age
creep. Behaviour of a slab restrained by the support-
ing piles was successfully modelled. It was demon-
strated that by making a reasonable thermal and me-
chanical characterization of concrete, thermo-
mechanical model provides results that are well cor-
related to the in-situ measurements, namely the tem-
peratures and strains.

Earlier, de Borst and van den Boogaard (1994) es-
tablished the creep parameters using a curve fitting
approach. The DPL was fitted to a stress develop-
ment curve depicted in Fig. 4. It was reported that
the stress is developed due to temperature and hy-
dration effects. When the temperature increases,
there will be thermal dilations resulting in compres-
sive stresses up to about 80hrs. It can be seen that
the measured maximum compressive stress takes
place slightly later than the DPL predicts. This is
not of significant concern since it is the tensile stress
which is critical for cracking (de Borst & van den
Boogaard 1994). The obtained values are summa-
rised in Table 2.
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Fig. 4: Curve fitting to experimental stress development data
[After de Borst & van den Boogaard (1994)]

Table 2: DPL creep material parameters
a D P
5.0 0.5 0.3
3.0 0.35 0.3
4.0 0.45 0.3
4.0 0.35 0.25

2 PT CONCRETE STRENGTH AND
MECHANICAL PROPERTIES

The concrete mix design used in the experiment is
shown in Table 3. According to preliminary tests on
standardized test cylinders cured in a 20°C lime
saturated water bath, it can be assumed that the
compressive strength, f’. is in the order of 40 MPa
(Sofi et al 2008).

Fig. 5 exhibits an example of the development of
the mean compressive strength (fcm) over time for
test specimens cured under isothermal conditions
and with a water-cement ratio of 0.5 (Sofi et al
2007).

Table 3: Concrete mix for beam [After Sofi, Mendis & Baweja
(2008)]

Mix Description Amount
Portland Cement Content L‘kgjma‘,l 305
Fly ash content (kgym®) 35
Total Cementitious {kg/m®) 340
W/C Ratio 0.5
Water Reducer mim¥) 1360
Accelerator mi'm?) 1360
Air Entraining Agent mlk/m?) 0

20 mm aggregate (kg/m?) 550
14 mm aggragate (kg/m®) 550
Washed Concrete Sand  (kg/m®) 770
Slump {mm}) B0+ 15

The compressive strength was determined follow-
ing Standard testing methods AS 1012.11. The
strength is mainly dependent on water-cement ratio,
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type of cement used, additives, and the conditions of
curing.

40 -
S 30 -
= 20 -
2210

[} T T 1

0 10 20 30
Time (Days)

Figure.5: Mean compressive strength development (f,,,) [After
Sofi et al (2008)]
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Figure.6 Development of modulus of elasticity over a 28-day
period [After Sofi et al (2008)]

At early ages, the modulus of elasticity (E)
evolves in a similar manner as the compressive
strength (Fig. 6). The modulus of elasticity can be
determined from compressive test specimens using
a displacement gauge, or by measuring the dynamic
modulus of elasticity using ultrasound (@stergaard
2003).

3 VALIDATION OF TEMPERATURE
EVOLUTION CURVE

In order to simulate creep in early-age concrete us-
ing FEM program DIANA, it is necessary to simu-
late the temperature effects of hydration. DIANA
calculates a temperature evolution curve over a cho-
sen time period, using a number of input parameters
for thermal properties of concrete. When this has
been determined, stresses and strains can also be
simulated, based on the temperature graph. It is
therefore crucial for the accuracy of the later creep
simulations that correct thermal properties of con-
crete are applied.

A finite element model of a beam section was
used to determine the thermal parameters for input
in DIANA (Fig. 7). The model is based on an actual
concrete beam section that was experimentally
tested (Sofi er al. 2007; Sofi, et al 2008). Prior to
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the concrete pour, temperature sensors were placed
in the beam. These were used to monitor the internal
temperature of the beam, to be able plot graphs of
the temperature evolution during the first week of
hydration. Similarly, the room temperature was
monitored to plot the ambient temperature.
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Figure 7: Finite element model of beam section

Node number 1469 shown in Fig. 8 represents the
approximate position of a chosen temperature sen-
sor set up in the beam. The sensor gives more repre-
sentative temperature readings than other sensors
mounted close to the surface as they may be heavily
influenced by the surface convection of the concrete
beam. The finite element model has elements for
potential flow analysis at all boundaries. These are
necessary in order to simulate the surface convec-
tion for concrete to air and concrete to formwork.
For further details about the temperature validation
and experimental data reference should be made to
(Sofi et al 2007).
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Figure 8: Node representing temperature sensor used in labora-
tory experiment

Instead of assuming a constant ambient tempera-
ture for the finite element model, the recorded room
temperature from the experiment was used as input.
The temperature predicted is very similar to the ex-
perimental data, although the model predicts a faster
drop in temperature after the initial peak (Fig. 9). By
changing the capacitance and surface convection,
mainly the maximum temperature was affected
without any effects on the shape of the curve. For
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the value of thermal conductivity of concrete, very
different values have been suggested, in the range of
2-8 W/imK (@stergaard 2003). However, more recent
research proposes that the thermal conductivity of
concrete decreases as the concrete matures (Gibbon
& Ballim 1998). The value depends on the moisture
content and temperature evolution, as well as the
type of cement and aggregate of the concrete mix. It
is therefore very difficult to achieve a perfectly
matching curve given the non-linearities in the ma-
terials properties and the ambient conditions at the
same time. In the current analysis, a linear relation-
ship between the two values was applied to achieve
the best results. The simulation results plotted
against the actual temperature measurements are
presented in Fig. 9.
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Figure 9: Temperature evolution graph obtained from DIANA
and lab measurements data

To simplify the input of DIANA, the ambient
temperature was assumed to be constant at 23°C.
The thermal properties remained unchanged during
the analyses. ‘DIANA curve 2’ shown in Fig.10 is
the temperature evolution based on this assumption.
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Figure 10: Temperature prediction by DIANA, ambient tem-
peratures and lab readings

The results demonstrate that the model gives rea-
sonable temperature predictions, using the thermal
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parameters stated above. The difference observed at
the start of the curves can be explained by the ambi-
ent temperature in the laboratory which started at
about 20°C. There were further uncertainties with
regard to the specific heat capacity, which was sug-
gested to rely on the concrete mix, moisture content,
as well as the concrete temperature itself. The value
has been taken as a constant in this study.

3.1 Temperature evolution curve of typical cylinder

Applying the thermal and material parameters de-
termined using the beam model, the temperature
time-history shown in Fig. 11 is obtained for the
cylinder. The maximum temperature being reached
at the centre of the cylinder is 29°C. Comparing this
to the curve obtained for the beam model (Fig. 10),
the maximum temperature is 3-4 degrees less for the
cylinder, and the temperature falls much quicker.
This is reasonable As the cylinder will loose much
more heat to the surroundings because of the rela-
tively large surface area and small thickness com-
pared to the beam.
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Figure 11: Temperature prediction by DIANA, ambient tem-

peratures and lab readings
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Figure 11 includes the temperature plot for two
different nodes. A slightly lower temperature can be
measured at node 33, located at the middle of the
surface as displayed in Fig. 12. It also shows the
temperature levels on the surface at the time when
the maximum temperature was reached, i.e. after 7
hours.

The difference in temperature between the points
demonstrates the correct heat flow characteristics of
the model and the fact that the surface elements
have correctly been attached to the solid elements.

3.2 Thermal stresses excluding creep effects

The graph presented in Fig. 12 shows the stress de-
velopment caused by heat production, with stress di-
rection along the Z-axis (from top to bottom). How-
ever, the differences between the normal directions
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are negligible for a small element as the cylinder.
This would for instance be more significant for the
beam model used during the temperature curve vali-
dation. To obtain the stress evolution, a nonlinear
structural analysis was executed taking temperature
(presented in Fig.11) into account No creep model
was incorporated in this analysis, in order to obtain
a basis for later comparing with creep models. A
heavy reliance on the temperature can be seen in
that the curve shape is a mirror image of the tem-
perature evolution curve (Fig. 11). The negative
values represent the compressive stress up to 4 days
age. It is demonstrated that the peak compressive
stress occur at the time when the temperature
reaches its maximum.
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Figure 11: Temperature distribution on surface of cylinder
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Figure 12: Stress-time plot with creep excluded

To validate the stress-time plot a number of as-
sumptions are made. To verify the results presented
in Fig 12, heavy reliance is made on the work pre-
sented by Faria et al. (2006).

4 STRESS PREDICTION BY DOUBLE POWER
LAW

For the application of the DPL to the current study a
number of assumptions are made. The material pa-
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rameters o, d and p were chosen based on the three
reference papers described earlier (Atrushi 2003; de
Borst & van den Boogaard 1994; Faria et al 2006).
For the parameters d and p, respective values of
0.35 and 0.30 were chosen, as these agreed well
with all three authors, i.e., regardless of the mixes
presented. A great deal of variability is observed in
the literature when considering the a-value. Atrushi
(2003) suggested the values at 0.33 and 0.75. How-
ever, Atrushi based the parameters on creep defor-
mation curves due to applied loads, whilst the other
authors were looking at thermal stresses, which
therefore may be more relevant for this study. Faria
et al (2006) stated an o-value of 2.26, and de Borst
& van den Boogaard (1994) different values from 3
to 5.

A parametric study of the a-value is presented in
Figure 13. lower value of a seems to yield higher
compressive stress and a delayed tensile stress at 2
days. As the value of parameter a increases, the oc-
currence of the tensile stress happen at a much ear-
lier date even with a reduced prediction of the com-
pressive stress.
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225
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Figure 13: Stress evolution obtained from DIANA, using the
Double Power Law (DPL)
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Even though the compressive stress level reaches
a seemingly inconsequential value of 0.5 to 1MPa,
this can add to the tensile and spalling stresses oc-
curring as a result of the PT load at the anchorage
zones.

5 RELEVANCE TO THE POST-TENSIONING
OF CONCRETE SLABS

As stated earlier, the post-tensioning load is applied
at two stages. These correspond at times when the
concrete mix is experiencing hydration reaction and
heat development. To prevent unexpected failures at
the local anchorage zones intrinsic stresses such as
thermal and time dependent visco-elastic effects
need to be considered. The design methods for post-
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tensioning in the current codes of practice rely on
material properties such as compressive and tensile
strengths (see for e.g., AS3600) with only a mar-
ginal factor of safety other early age effects. The re-
sults presented in this paper demonstrate that tensile
stresses resulting from thermal and creep effects can
happen at critical times when the post-tensioning
load is due to be applied (i.e., at 1-2 days) after the
concrete member is cast. The current presentation
relies on a cylinder model which does not represent
the anchor zone stresses. However, the concrete ma-
terial behavior and the imposed stresses are ex-
pected to be similar for a post-tensioned member.
Although the stress levels in the cylinder are quite
small, these are expected be somewhat amplified in
the case of much larger members such as slabs.

6 CONCLUSIONS

Important properties of young hardening concrete
have been investigated using finite elements. The
obtained results correspond to findings in related lit-
erature, where pronounced effects on the stress de-
velopment due to early-age creep were observed.
However, more tensile stress was expected to be
seen during the cooling phase. This may be ex-
plained by that the model is relatively small com-
pared to a full-scale model of a slab section, and
therefore does not result in the same build-up of
stresses. Factors as mix design and strength proper-
ties of the concrete may also be of significance.

The paper attempts to presents a discussion of the
early age creep effects on post-tensioning anchorage
zone relying on a concrete cylinder model. It falls
short of presenting stresses in the actual anchor
zones of a post-tensioned member. This will form
the basis of a follow up study. It is proposed that
consideration of visoc-elastic effects is very impor-
tant for applications such as transfer of post-
tensioning loads where highly concentrated stresses
are imposed on the post-tensioned member section.
It is demonstrated that creep at early ages can be the
basis for intrinsic tensile stresses within the con-
crete. Depending on the definition of the material
parameters, the tensile stresses can be significant
and happen at critical times when the post-
tensioning load is applied.
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