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Abstract

The objective of this research was to examine the setting of concrete through its penetration resistance; an experimental device, especially
developed for this purpose was used, which consists of a system that lets a sphere fall on concrete from a certain height and then measures the
depth of the crater. Forty-five samples were made with four different types of cement varying its quantity, water—cement ratio, at ambient
temperature and humidity. A semiempirical model which explains the penetration resistance evolution in fresh concrete was proposed and
experimentally demonstrated. The results are compared with the consolidation curves for soils represented by the logarithmic method. The
proposed setting time was defined as the elapsed time between the placement of the concrete and the time when the depth of the crater is 18% of

the initial one.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete suffers an important transformation from when it is
mixed until the initial setting time. Traditionally, fresh concrete
has been considered a viscoelastic material [1,2]. However,
from another point of view, it may be described as an assembly
of particles made up of water and cement joined by the friction
among them and by the van der Waals forces [3], among which
a series of chemical processes take place that makes the concrete
harden.

The hardening process of concrete in its first stages is
excellently described by means of the percolation theory [4].
Hammersley [5] was the first to study this in the 1950s. The
percolation theory deals with the components connectivity of a
system, where its disorder is defined as a variation in its
connectivity level [6]. According to this theory, for a given
system in three dimensions, the critical percolation degree is
16% of porosity [5,7]. This value is called “depercolation
threshold”, and in concrete coincides with the initial setting time,
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or the moment when the first solid paths are formed in the
hardening paste. Therefore, the setting of concrete will depend,
not only on the penetration resistance in the fresh concrete at a
given time, but also on those factors which affect the connec-
tivity level between particles and voids such as its consistency.
The penetration resistance evolution in fresh concrete was
traditionally considered as a way to know the initial and final
setting times by mechanical means, depending on the applied
force and the system geometry.

The Vicat needle [8] is the most widely used method to find
the set of cement paste. In a sample of cement made with enough
water to have what is called “normal consistency”, initial and
final set are measured from the penetration of an 1 mm diameter
needle with a length of 50 mm and a plunger weight of 300 g.
Another alternative system is to measure the heat developed on
concrete during the first hours [9], defining the initial setting
time when 12.5 kJ of heat are liberated per cement kg.

The set of concrete and mortar can be checked with the
Proctor needles, described in the ASTM C403 and first studied
by Tuthill and Cordon [10]. In this method, based on the same
principle as the Vicat one, the initial setting time is defined as the
lapsed time from the initial contact between the cement and the
water, until the penetration resistance of mortar extracted from
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concrete using a sieve is 3.5 MPa and 27.6 MPa for the initial and
final setting time respectively [11].

However, none of these methods provides precise informa-
tion of the period of time before initial setting. By means of the
Vicat needle, this time cannot be measured, while using the
Proctor needles for concrete the first minutes in the penetration
resistance curve are almost ignored, although they are essential
for the microstructure development of cement paste and con-
crete. Starting from the percolation theory, any comparison made
between the results obtained of cement paste through a Vicat
needle with a mortar tested through the Proctor method would be
impossible unless both samples have the same initial consis-
tency, water—cement ratio and cement.

Schindler [12], starting from the concept of “critical hy-
dration degree”, first defined by Byfors [13] identified the
hydration degrees at initial and final setting from Proctor tests
as a constant multiplied by the water—cement ratio. This was
based on the idea that a higher water—cement ratio implied a
bigger distance between the cement particles, so that a higher
hydration degree would be required to obtain resistance. At first
glance, the concept seems logical from the percolation theory
point of view. Nevertheless, in the formation of the first solid
paths in concrete, the most important parameter is the proximity
between all the particles, which is a variable influenced by a
high number of factors, from the vibration of concrete to the
aggregate grading.

In this paper, a semiempirical model that explains the pene-
tration resistance evolution in fresh concrete is proposed. As a
hypothesis, fresh concrete has been considered to behave as a non-
saturated soil made of water, air, cement particles and aggregates,
with a yield stress given by the friction between them, van der
Waals forces and chemical reactions, whose stiffness varies with
time due to cement hydration. A theoretical equation for pene-
tration resistance is proposed and experimentally checked.

2. Methodology and materials
2.1. Test method

The device used to measure the penetration resistance in fresh
concrete consists of a frame supporting a PVC pipe, which
placed on a mold of 60x60x 15 cm lets a sphere fall onto the
concrete from a certain height causing an impact (Fig. 1); then,
the depth of the crater is measured. Spheres of different diam-
eters and mass were used, although as will be explained, this is
irrelevant for the evolution of the model of penetration resis-
tance. The maximum precision that could be obtained in the
measurement was =1 mm.

2.2. Test results analysis

The configuration of forces acting on a sphere moving into
fresh concrete will change in a very complex fashion as it moves
through the medium [14]. A sphere with mass (m) falling from
rest at height (H), will perforate a crater of depth () and transfer
the whole energy of the system to the concrete. So, when a
differential increase of stress (Ag) is applied, an increase of

deformation (A€) will take place, which will be partly elastic
and partly plastic. The work done in deformation will be:

A simplified way to consider the total stress applied by the
medium on the projectile, is to divide the whole potential energy
by the concrete volume (7) displaced in the penetration [15—18]:

m-g-H=0-V. (2)

Therefore, o will be the total or deviatoric stress exerted by
the penetration resistance forces on the sphere, which are given
by the characteristics of the element penetrating in concrete, its
own weight, the Archimedes force, the viscous resistance force
in the case when the concrete has not acquired enough resis-
tances and the sliding resistance between the sphere and the
medium.

de Bruyn and Walsh [19] demonstrated that the penetration
depth of spheres impacting on a granular media is linearly
dependent on the moment or, the sphere mass and the height
from which it falls. This behavior can be explained in terms of
yield stress and effective viscosity of the granular media. On the
other hand, Chen and Li [20] stated that in the case of deep
penetration of a non-deformable projectile, or in other words, in
the case that the penetration depth () is greater than the
projectile diameter (d) adding its nose, the adimensional
penetration (y/d) of the projectile in the material, will behave
linearly with regard to a non-dimensional number, called the
impact function (/), hardly depending on the geometry, mass
and the projectile impact speed.

There are several theories relating the soil or concrete
properties and their penetration resistance, among which, the
most popular is the cavities expansion theory, established by
Bishop in 1945 [21]. In the case of a sphere of radius (R)
penetrating in fresh concrete at a certain speed, at the point 0
(Fig. 2), a spherical cavity is created that expands up to a radius R,

Fig. 1. Test device view.
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Fig. 2. Spherical cavity expansion.

so that the internal pressure of concrete will also increase from 0 to
o(?). Concrete around the expansion cavity will become deformed,
plasticizing if the applied pressure is higher enough. This spherical
volume, plasticized around the cavity, has a radius (7,,) and will
push the paste around in an elastic equilibrium state, defined by
Young’s and Poisson’s moduli, causing its consolidation, which
will be less when farther from the penetrator surface.

The stresses around the sphere will be similar to those
produced around a conical penetrator, defined by Su and Liao
[22]. Beneath the sphere, the mass will be subjected to axial
compression, with its major principal stress in the vertical di-
rection (1) and the minor principal stress (o3) in the horizontal
direction. For concrete around the spherical surface, the stress
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state is close to that of a cavity that expands, with the major
principal stress normal to the penetrator surface, and the minor
principal stress, tangential to this. The area located around the
vertical wall of the crater also has major stresses similar to those
of a cavity that expands, with the mayor principal stress rotating
from the vertical to the horizontal direction.

When the sphere impacts on fresh concrete, it penetrates at
initial speed (v9) which becomes progressively reduced until it
stops [23] (Fig. 3). During the first penetration moments, a great
volume of concrete around the sphere gets plasticized, but due to
the sphere movement, the concrete volume that previously was
compressed gets decompressed, being pre-consolidated, and the
zones that were plasticized get irreversibly deformed by the
sphere movement [24]. Progressively the penetration speed
diminishes, so that the plastification spheres, as well as the pre-
consolidated volume becomes smaller, until the projectile move-
ment stops and if the depth of penetration is bigger than the sphere
radius, the plasticized volume radius is equal to the sphere radius.

So, concrete behavior beneath the sphere when it is stopped is
elastic. As concrete is an isotropic material, the relation between
the stress increment applied and the deformation increment
produced will be given by Hooke’s law:

i 1 v
déll :Ed()'ll—ZEdGzz. (3)

And as in fresh concrete, before the setting time, pressures
are hydrostatic [25], considering effective stresses in the
horizontal direction (do,;) approximately equal to zero, it can
be said that:

1
dep Zl—;daw 4)

2.3. Materials

As this paper is framed within an investigation about con-
crete pavements, the total aggregate distribution dosage used

Disturbed zone
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and Pressuremeter
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Fig. 3. Failure modes around the sphere.
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has been designed by, (i) the percent aggregate retained method
(Fig. 4(a)), so that the total combined aggregate particles have a
tolerance of acceptable size distribution, and by (ii) the com-
bined aggregate distribution (Fig. 4(b)), with the purpose of
obtaining an appropriate mixture for the manual placement
of concrete [26]. The aggregate distribution dosage is given in
Table 1.

Four types of cement were used in the tests (CEM 1 52.5R (UNE
EN 197-1), CEM II/A-V 42.5 R (UNE EN 197-1), CEM IV/A (V)
32.5N/SR (UNE EN 80 303-1)). In order to know the temperature
influence in the setting time for each one of these cements, their
activation energy was studied in a similar way to that used by Pinto
and Hover [27], obtaining the results given in Table 2.

Forty-five different dosages were made in which the total
aggregate distribution was maintained, varying the type and
quantity of cement and the water—cement ratio (it has been dem-
onstrated that non-reactive aggregates do not influence the total
setting time [25]).

Finally, to have an idea of the validity of the model, three real
pavements were studied, each of them with the aggregate dis-
tribution dosage given in Table 1, although as will be explained,
this is not important for the model validation. The water to
cement ratio, as provided by the constructor, was 0.49.
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Fig. 4. Combined aggregate gradings: (a) Percentage of the combined aggregate
retained in each sieve; (b) workability factor of the aggregates.

Table 1
Combined aggregate distribution, %

Type of material Percentages (%)

Limestone sand 12
Silica sand 36
Gravel, 4-12 mm 28
Gravel, 12-32 mm 24

2.4. Test procedures

Each of the forty-five dosages was tested three times in
molds such us the one in Fig. 1, so that each penetration
resistance—time curve (Fig. 8) had at least fifty points. The mix
was carried out in a vertical axis concrete mixer for at least
3 min. Later an Abrams cone test was done for the mold as
described in UNE 83-313-90 [28], the concrete was poured into
the molds, extended, and uniformly vibrated with a 35 mm and
6000 rpm vibrator and finally, the surface was flattened.

For the three real pavements studied, the tests were conducted
with the same concrete used in the pavement and in the same
ambient conditions.

All concrete was made at ambient temperature, during a
period of time from July until December, 2005 in which tem-
peratures oscillated from 26 °C to 8 °C and the ambient hu-
midity from 83% to 56%.

3. Formulation of the model
3.1. Stress-deformation states in concrete

According to the Terzaghi principle [28], the stress at any
point of a soil mass can be studied through the total principal
stresses which act in it. Concrete, as a soil, is a three-phase
system and if its holes are filled with water, when applying a
load to the mass (o), it will be equally distributed between the
mineral skeleton and the interstitial fluid. So effective stresses
that deform the floor or the concrete are the excess ones over the
hydraulic pressure () in the mass: ¢’=o —u. In the case of a
cementitious material p and u have a very similar value, so the
effective stresses in the material at rest tend to be null [25,30].

It was also important to consider for the model the
relationship between the depths reached by the penetrator in
time and the specific volume of concrete (v). For this, the
hypothesis that the variation of specific volume in time (dv/df)
is equal but with an opposite sign to the variation of depth in
time (dy/df) was made:

2_-2 5)

With reference to the variations of specific volume at early
ages, they happen because in the very early stages after mixing
the cement with water, the hydration products require a smaller
volume than the individual compounds. This is called chemical
shrinkage. Otherwise, it also depends on the surface tension of
the pore solution and the meniscus radius of the largest water-
filled pores within the microstructure [31], variable with time
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Table 2

Activation energy until the initial setting time (kJ/mol)

CEM I 52.5 R (UNE-EN 197-1) 32.24
CEM II/A-V 42.5R (UNE-EN 197-1) 26.46
CEM 1I/B-M (V-LL) 32.5 (UNE-EN 197-1) 26.73
CEM IV/A 32.5 N/SR (UNE 80 303-1) 28.49

due to water adsorption by cement, so that when the mass
acquires enough resistances to sustain itself, it operates as a
passive internal restraint system that resists deformations and
reduces the physical shrinkage. Sometimes it is also due to the
external forces applied, such us a footprint in fresh concrete:

dv = dv, + dvs (6)

where:

Vo Variation of specific volume due to the external forces
applied.

Vg Variation of specific volume due to the process of

concrete cementation.

In the case of concrete, deformations due to the cementation
process are always irrecoverable: although this process can
increase or diminish its speed, its effects cannot be reverted, while
the deformations due to external agents may be both recoverable
and irrecoverable. For a given time, if deformations made by a
sphere falling from different heights are plotted against the stress
logarithm made by that sphere, a straight line is obtained (Fig. 5)
which can be related to the Cam clay model equations [29]:

dv  At) dp’

p— 7.2
deb ” v (7)
d,gj:d_v:@.di/ (8)
v v p

where p’ is the hydrostatic stress, A(f) and k(¢) are the stiffness
parameters or the slopes of the lines which relate stress to the
specific volume variation and correspond, respectively, to the
plastic and elastic lines; that is to say, they represent the concrete
stiffness. They are constant at an instant, but growing in time, due
to the increase of concrete stiffness with time.
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Fig. 5. Fresh concrete y—In(p’) curve with time.

From the integration of Egs. (7) and (8) as a function of p’,
the following will be obtained:

vi = v(t) — A(t) -Inp’ (Plastic lines) 9)
vi = v(t) — k(¢) ‘Inp’ (Elastic lines). (10)

These equations are valid only in a certain range, because
although p’ is increased to infinite, v cannot be indefinitely
reduced, since a maximum of collapse at a given instant will
always exist.

One example of this is the vibration of concrete, which can
be supposed equivalent to soil consolidation (Fig. 6): a stress is
applied with the vibrator that causes deformations from ¥, until
a maximum V},. In this situation, concrete moves along a plastic
line (Line a-b), and it will not return to the previous
deformation state after removing the vibrator (Line b—c). As
the mass acquires resistances, the penetrator will move by a
series of instantaneous elastic lines until the time when the
penetration resistance is higher than the stress that the concrete
has suffered during the vibration process, from that point, the
sphere will move by a series of plastic lines.

Bearing in mind that when the sphere falls, before the setting
time, the stresses are equally distributed between the solid
skeleton and water [25—-29] and as deformations are the same
for both phases, the total stiffness variation in the mass will be:

aun _1 dio, 1 i),

11
dt 2 dt 2 dt (11)
where:

%(f) Total stiffness variation in the mass of concrete

dic(l?‘“ Stiffness variation due to the capillary stress

di(0)e
dt

Stiffness variation due to the cementation process.

With regard to the stiffness caused by the cementation process,
numerous investigations show that there is a relationship between
the compressive strength, the heat produced and the hydration
degree [13,32]. When representing this on a logarithmic scale it is

v A

Vi a
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Ve o

K

T
W b
>
1 Lnp’

Fig. 6. Proposed stress-deformation behavior of concrete during the vibration
process, supposing it to be instantaneous.
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found that this is non-linear at the start of hydration, but later it
becomes so. Studies performed by Byfors [13], show an initial
distance without resistance, followed by a non-linear small
section and later another linear one. In his own words: “...the
relation between strength and the degree of hydration is, however,
exponential at a very early stage, from the setting phase and to few
hours after”. This exponential behavior is also explained in the
ASTM C 403 [33].

On the other hand, as a loss of free water among particles
takes place in concrete at a certain speed due to the water
adsorption of cement, it will be possible to compare the material
stiffness variation due to the capillary stress with the behavior of
a non-saturated soil, in which suction affects its mechanical
behavior. One of the most popular models which predict this
situation is the BBM (Barcelona Basic Model) [34]. An elas-
toplastic model, able to reproduce the stress-deformation
behavior of non-saturated soils, supposing they do not show
anisotropy or expansivity. The equation which describes the
plastic stiffness increase in a soil with suction is:

As) = 2(0) - (1 = r) -exp(=p -5) +7r) (12)

where A(s) is assumed to vary exponentially from A(0), which is
the initial soil stiffness at zero suction, to »x A(0) which is the
stiffness as suction tends to infinity. The rate of stiffness
increase with suction is controlled by the parameter S.

3.2. Deformations in fresh concrete

Talking about concrete, it is difficult to believe in an
asymptote when time tends to infinity due to the stiffness
variation by suction. This is because during strength acquisition
there is a time when the mass is not a granular material any
more, becoming a solid (setting time). However, at least until
the setting of concrete, the stiffness due to water adsorption by
the cement can be supposed to decrease exponentially. So,
noting that » is zero and that in concrete suction must be
substituted by time, from Eq. (12), it can be assumed:

di(1),
dt

=—f-2(0) -exp(—f - 1) (13)

where A(0) is the initial concrete stiffness at time zero and f is
the average rate of stiffness increase with time.

If losses of free water from the setting process such us
evaporation are not considered, it can be assumed that the speed
at which free water disappears, is the same as its adsorption rate
by the cementitious materials. So, knowing that initial stiffness
A(0) will be equal for both processes, that 3 is the average speed
at which the hydration process occurs and that the stiffness
evolution in time will be exponential during the first hours [13],
it can be made the hypothesis of exponential stiffness variation
due to the cementation process:

di(t),
dt

=P 2(0) -exp(f - 7). (14)

So, the total stiffness variation in the mass of concrete will
be:

dA(?) exp(B-t) —exp(—p 1)

7ﬂ-z(O)-( 5 ) (15)
which simplified:

di;(tt) — _B- (0) -sinh(B - 1) (16)

Then, during the first hydration hours, stiffness variation can
be understood as an hyperbolic sine and the stiffness at a given
time during the first hydration hours will be given by:

A(t) = 2(0) -cosh(f - 7) (17)

which is the slope, variable with time, of the straight lines in
Fig. 5. Nevertheless, the desired relationship is the one between
the concrete deformation and the penetration resistances
increment in time, not instantaneously (K(7)) (Fig. 11), which
is the same as normal curves to the straight lines with slope A(¢)
in Fig. 5:

()" = k() :ﬁ-sech(ﬁ-t). (18)

On the other hand, the relative deformations will be:

W

&(1) 7y(0),w1th €(0) = 1. (19)

As demonstrated by Chen and Li [20], the final penetration
depth in an impact has no dependence on the geometry function
of the projectile, so a way to simplify the calculation without
influencing the final result will be to substitute the volume
displaced by the sphere for a cylinder in Eq. (2), so that taking
Eq. (19) into account, stresses at each moment are:

m-g-H
O =10 500) .

where A is the area of the spherical portion in contact with
concrete projected in the horizontal plane.

Relating Eqgs. (4) and (7) with Eq. (2), taking into account
that A(f) must be substituted by K(f) and simplifying the
concrete volume displaced by the penetrator as if it were a
cylinder the relationship between the elastic modulus of
concrete and its stiffness can be obtained:

m-g-H

E(t)m. (21)

Substituting Egs. (20) and (21) into Eq. (4):

m-g-H m-g-H
Aalt) 0) ~ ARy

a(t) = E@1) - e(t) = (22)
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and simplifying £():

e(t) = || —2. (23)

(4(0))"'= K(0) = »(0). (24)

And relating Eq. (18) with Egs. (23) and (24), the relative
volumetric deformation in the mass due to the impact is
obtained, which varies with time:

e(t) = \hech(B - 1). (25)

So, from Eq. (25) the conclusion can be drawn that relative
deformations in concrete are unrelated to the impact energy or
the geometry of projectile, only depending on those factors that
make hydration kinetics vary.

This equation predicts a decrease in the relative deformations of
concrete with time by an object falling, tending to zero when time
tends to inﬁnit}tfligroxe(t) = 0, which means an unlimited increase of
stiffness. So, this equation would only be valid in a short period,
from the concrete placement until a given instant. With the purpose
of avoiding this situation, it has been assumed that when time tends
to infinity, the relative deformations tend to a certain value
(r?lir@rf(t) =7 =y(00)/y(0). So Eq. (25) becomes:

e(t) = (1 —r) - Aech(f - 1) +r. (26)

In Fig. 7, Eq. (26) is shown in a graph with time represented on a
logarithmic scale, where a similarity with the consolidation
curves for soils represented by the logarithmic method can be
observed [28]. It consists of three parts: an initial one with
approximately parabolic shape, a linear section and a final curve
with a horizontal asymptote at »~0. From these curves it is

important to point out two characteristic points (A and B in
Fig. 7). In the first place A, which corresponds to the maximum
consolidation reached by concrete during the vibration process.
Secondly point B, whose most probable value of relative defor-
mation according to the experimentally obtained results from
the forty-five samples is 0.18 (Fig. 8). In this case, after ap-
plying Chauvenet’s criteria to the data Pearson’s correlation
coefficient is approximately 0.98 with p-value exceeding 0.25.
The normal probability plot for the standard normal distribution
is almost linear, which indicates agreement with the normality
assumption.

The decrease of depths from concrete vibration to point B is
similar to the concept of primary deformation, used in geo-
technics, in which free water still exists in the pores and there-
fore there are overpressures when applying a stress in the mass.
From point B, the curve is similar to the concept of secondary
consolidation, in which the mineral skeleton acquires different
properties of stress-deformation to those it had previously: the
mass begins to behave as a solid and the loads are no longer
distributed equally between the liquid and the solid.

The value B of relative deformation 0.18 is very similar to
the value 0.16 in the universal percolation threshold and is very
reasonable to think that this instant corresponds with the value
0.18 of capillary porosity in the percolation threshold reported
by Garbocci and Bentz [4], with the 20% porosity described by
Powers et al. [35] when the capillary pores in cement paste
exhibit a percolation transition from connected to disconnected,
as well as with the time at which the hydrostatic pressure of
concrete becomes zero [25]. So this moment will probably be
the initial setting time, but further investigation is required.

Finally, recalling Eq. (19) and substituting it into Eq. (26), the
evolution of the penetration depth in fresh concrete for impacts
with the same penetrator and energy will be as follows:

y(#) =»(0) - [(1 = r) - \sech(f - 1) + 1] (27)

where it is shown that the total depth of penetration in concrete at
a given time is function of the initial depth of the crater, the
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Fig. 7. Relative depth of the crater—log(time) curve.
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Fig. 8. Point B represented in normal probability plot for all the samples made.

hydration kinetics and the ultimate strength resistance of con-
crete represented by 7.

4. Results, discussion and model validation

As Fig. 9 shows, a good correlation exists between the
theoretical model and the experimental data obtained during the
period of study. This example is for a concrete made with 444 kg/
m® of CEM II/A-V 42.5R and a water—cement ratio of 0.52. Its
slump by the method of the Abrams cone test was 3, the ambient
humidity was 58% and the average temperature in the mass was
19.1 °C. After applying Chauvenet’s criteria to the data, Pearson’s
correlation coefficient in this case is 0.997 and the 95%
confidence interval for the penetration depth error was of 9%.
In the case of the samples analyzed, the correlation coefficient was

y(cm)
S

always better than 0.992. Moreover, for all the craters studied,
there is a probability that 95% have a confidence interval for the
penetration depth better than 18%. One of the best proof of the
validation of a model is the normality of its errors, in this case, in
Fig. 10 the distribution of the error percentage is represented with
regard to the model in a normal probability plot. Here, Pearson’s
correlation coefficient is 0.996 and the p-value exceeds 0.25. As
expected, the normal probability plot is almost linear, which
confirms the hypothesis of normality. In no sample was the
distribution of errors not normal.

There are different maturity functions to determine the
strengths variation and the degree of hydration of concrete with
time. The two models commonly used are the linear hyperbolic
and parabolic hyperbolic models, both developed by Knudsen
[36,37]; the difference between them is described in terms of

6.68435 (0,080052 + 0.919935 Sech[ 0.0144585 X Time ]°%)

100 150 200

250 300 350

Time (minutes)

Fig. 9. Depth of the crater—time curve with its confidence intervals.
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Fig. 10. Normal probability plot of errors.

hydration kinetics of the cement particles. The linear dispersion
model, represented in Eq. (28), considers the hydration degree
of an individual cement particle as a linear function of the
product of time and a constant 8 which represents the hydration
kinetics [38]; in this model, #; is the age at the start of strength
development and S, is the asymptotic value of limiting strength.

B-(t—1t)

RS HOS)

(28)

The parabolic model, as shown in Eq. (29), considers that the
hydration degree is a function of the square root of the product of
time and a constant [37]. According to Bentz [30], Eq. (29)
provides a better adjustment with regard to the experimental
data. This equation is not valid for early hydration ages
(0<a<0.15), but it is well suited for modeling when o>0.15

By
y©) =yOfi-rNSeehp-iJ+r| |

e
Yield surface 4~

JCosh(3 1)

o(t)=o(0)

[37]; although, Bentz [39] suggested that Eq. (29) could be
capable of modeling for values over the hydration degree o.>0.1

S:SU.M_ (29)

1+p-(t—1t)

An expression of the penetration resistance of fresh concrete
with the variables taken into account in this paper may be found
by simply substituting Eq. (20) into Eq. (27), so that if the
previously mentioned hypotheses are correct, the results
obtained are

osh(f - 1)
(1 —r)4r-+/cosh(B-1)

a(t) = a(0) - (30)

It can be seen that Eq. (30) is quite similar to Eq. (29), with
the exception that this is not a good model for small hydration

v =wW)—k(Dln p’

((1 —-r)+ J'JCosh(ﬂ !))

Fig. 11. Yield surface of fresh concrete during the first hours of hydration.
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degrees, while Eq. (30) has been deduced for these. Besides, the
proposed equation is S shaped, being the maximum produced in
hydration kinetics through time reflected [13].

Finally, as when time tends to infinity, » is approximately
zero (r=o(0)/o()~=0), Eq. (30) can be approximated by the
following at very early ages, counting time from the moment
when the cement is mixed with water:

a(t) = a(0) - y/cosh(f - ¢). (31)

ASTM C403 [33] shows how the penetration resistance of
concrete at early ages can be approximated by means of a
potential equation. However, this solution supposes the
penetration resistances at time zero to be null, forgetting that
it can be useful to know this period, for example, in the case of a
concrete pavement, which is the most extended use for the
Proctor needles, the time of starting trowelling. Then, the use of
Eq. (26) is proposed as a more rational approach to find out the
evolution of penetration resistances with time than the equation
given by ASTM C403.

Finally, Fig. 11 shows a three-dimensional view of the yield
surfaces in (z, y, p) stress space, where the depth of penetration
(y) of the sphere in time is the projection of the curve normal to
the straight line stress-deformation on the yield surface of fresh
concrete. The shear line of this surface with the stress-time
plane coincides with the resistance curve to penetration defined
in ASTM C403, and the slope of the shear line of the yield
surface with the stress-penetration plane is an indicator of the
initial consistency of concrete; a variation of this parameter, due
to any cause, such as a change in concrete temperature, ambient
humidity or water/cement ratio, will be reflected in the depths of
the craters, so that the slopes of the penetration—time curves will
be increased or diminished. In the case of a change of hydration
kinetics in concrete, a displacement will occur in the penetration
resistance curve in the mass, as well as a variation in the speed
of change in the concrete stiffness, with which the slopes of the
penetration—time curve will be increased or diminished, too.

5. Practical application

In this paper, we point out that one of the main applications of
this model is to know the initial setting time. We postulate that
this time coincides with the time to start power floating a
concrete pavement. Traditionally, workers have intuitively
chosen this time. ACI 302.1R-96 [40], advises to wait for the

Table 3
Results of three samples for the practical application of the model

Sample Sample Sample

1 2 3
»(0) (cm) 17.1 11.8 19.4
Theoretical depth (0.17y(0)) (cm) 2.9 2.1 3.9
Depth penetration in the time chosen by the workers 2.7 2.3 33
for the finishing operations (cm)
Theoretical time of initial setting of concrete (min) 117 233 85

Time chosen by the workers for the finishing 117 226 95
operations (min)
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# Chosen by the workers
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.
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Fig. 12. Depth of the crater—time curve for a real pavement.

finishing operations “until the concrete will sustain foot pres-
sure with only about 6 mm indentation”. Otherwise, the time
indicated by ASTM C403 as the setting time, is sometimes also
considered the time to start the finishing operations in a concrete
pavement.

To have an idea of the applicability of the model, three dif-
ferent real pavements were studied. From these tests, the results
are shown in Table 3. For the three samples studied, the maximum
difference between the theoretical time to start trowelling the
concrete pavement (when y(£)=0.18 x(0) in Eq. (27)) and the
time chosen by the workers to start this process was 10 min,
although the initial consistence for the three real concretes studied
was different so as the ambient conditions, which is a proof of
how the model provides a level of accuracy that has not been seen
before. Although three tests are not enough for the on site
validation of the model, they give a very good idea about how to
use this level of accuracy for the timming of construction
operations. In Fig. 12, the depth of the crater—time curve for the
Sample 2 is shown. From this figure, it can be appreciated how the
proposed model fits very well to the data and how the theoretical
time to start trowelling a concrete pavement, being zero the
placement time, almost coincide with the real time when the
workers, intuitively, started trowelling the concrete. Finally, it is
interesting to point that the third sample was made during the
summer, in the street, with more than 30 °C temperature and a
wind of approximately 15 km/h; in this situation, the results were
not worse than in the others, and the theoretical time of initial
setting almost coincided with the time that the workers chose for
the finishing opperations. In any case, more research is required
about the practical applications of this method.

6. Conclusions

In this paper a new concept has been applied for the initial
setting of concrete, different to those which are traditionally
used. For that, a semiempirical model has been developed that
physically explains the processes that occur until the initial
setting of concrete. Among the advantages of the proposed
method are: a better explanation of the strength acquisition of
concrete during this period, an excellent approximation, and
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even the facility of predicting the initial setting time at very
early ages by means of an extrapolation of the predicted curves.

Behavior of fresh concrete when hardening is comparable to
soil consolidation as defined by the log time method, thus the
secondary consolidation of concrete takes place when the depth
of the crater made by a falling object is 18% of the initial depth.
This value is very similar to the universal percolation threshold,
independently of the speed, mass or geometry of the penetrator
and depending only on the hydration kinetics of concrete. It is
proposed that it corresponds with the initial setting of concrete
although further investigation is required.

Sometimes, penetration resistance setting data, as indicated
in ASTM C403, can be the cause of serious errors, such us as
when they are compared with the Vicat ones, because these are
always made with the same “normal consistency”. Therefore, in
this paper a change in the concept of initial setting as explained
in the ASTM C403 is proposed because as has been explained,
the value for the initial setting time does not depend on the
penetration resistance of concrete but on its percolation degree.
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