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Abstract

In this letter, a conventional method for mitigation of plastic shrinkage of fresh concrete based on comparing bleeding and evaporation rates (the former
based on the commonly observed values of bleeding rate and the latter estimated by means of the commonly-used ACI nomograph) is critically
assessed. It is shown that even if the initial bleeding rates are sufficiently high (i.e. higher than the evaporation rates), cracking may still occur if all the
bleed water is lost by evaporation between the times of initial and final set, leading to the rise of capillary pressure. An alternative and more conservative
method should be thus based on the total (accumulated) amount of bleed water compared to the total amount of evaporated water. The former should
take into account the concrete’s properties and the geometry of the member, while the latter can be assumed based on the nomograph method.
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1 Introduction

Fresh concrete after placing undergoes deformations that
are due to settlement of solids in the mixture and further
due to drying as water evaporates from the exposed
surfaces. These deformations occur during the stage when
concrete is still plastic and hence are referred to as plastic
shrinkage. High magnitudes of plastic shrinkage together
with low tensile strength at early age often lead to opening
of large cracks that may seriously impair concrete service
properties and its designed lifetime, see Fig. 1.

In the literature [1-7], plastic shrinkage cracking was
primarily related to the evaporation of bleed water, leading
to onset of capillary pressure and eventually cracking. In
1957, Lerch [1] stated that:

“Plastic shrinkage cracks develop shortly after the sheen
disappears from the surface of concrete and when this type
of cracking starts, it can be observed to proceed very
rapidly.”

The “sheen” mentioned by Lerch was due to the presence of
water that flows towards the upper surfaces of concrete
right after placement and accumulates on them in a process
called bleeding.
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Figure 1. Plastic shrinkage cracks appearing on the concrete surface
few hours after placement. Photo courtesy of Dr. Andreas Leemann,
Empa.

Bleeding is due to self-weight consolidation of solids in the
fresh concrete occurring due to the higher density of the
solids compared to the density of the pore water [8,9]. The
moment when the sheen at the concrete surface disappears
indicates the complete evaporation of the bleed water. This
happens a certain time after the evaporation rate has
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exceeded the bleeding rate, depending on the amount of
bleed water that has accumulated on the surface and on the
environmental conditions, see Fig. 2. The fact that cracking is
detected “soon after” [the evaporation rate exceeds the
bleeding rate] was also reported by Menzel [10].
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Figure 2. Water mass loss from the fresh concrete surface in time (a-
cumulative, b-rate). The time gap between the times of initial and
final set, in which plastic shrinkage cracking can occur after the
sheen disappearance in the drying state, is indicated. b and e, are
the bleeding rate and the critical evaporation rate, respectively.

Therefore, many efforts have been made to estimate the
moment at which this phenomenon occurs and to mitigate
these fast-growing cracks by appropriate measures during
construction [6,7]. Accordingly, ACI 305R-10 [7] proposed
the well-known method based on ensuring that the
evaporation rate is lower than the bleeding rate of concrete.
The evaporation rate can be estimated with the nomograph
shown in Fig. 3. This nomograph was based on methods
used in hydrology for predicting the rate of evaporation from
lakes and reservoirs. It is worthwhile to mention that the
rate of evaporation of free water and bleed water from
mortars during the constant evaporation rate period (CRP)
are almost identical [11], while for concretes, due to their
larger aggregate volume (corresponding to a lower
volumetric water content) [12], the CRP evaporation rate is
likely lower [13—15]. Therefore, the ACI nomograph is likely
not able to provide accurate estimations of the rate of
evaporation of concrete, at least not after the bleed water is

removed completely from the surface of the concrete
[7,13,16]. It is noticed that the CRP continues for some time
after the disappearance of the bleed water from the
concrete surface, as long as the concrete’s intrinsic
permeability is constant [14,17]. On the other hand, some
studies showed that the evaporation rate of concrete
samples during the CRP agreed well [14,15], or was even
higher [18] than estimations based on the nomograph. The
latter can be accidental, due to the fact that the wind speed
utilized for obtaining the nomograph is based on
measurements at 0.5 m above the evaporating surface, and
air temperature and relative humidity at a level
approximately 1.2 to 1.6 m higher than the evaporation
surface [7]. Therefore the ACI method should be only utilized
when the appropriate wind speed data and test conditions
are available [7].
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Figure 3. ACI nomograph for estimating the rate of evaporation of
surface bleed water. Authorized reprint from ACI 305R-10 [7].

In addition, the actual temperature of the concrete at the
time of casting needs to be utilized in the calculations and
the changes of air temperature and relative humidity during
casting and finishing of fresh concrete need to be taken into
account [19]. Furthermore, the wind speed utilized in the
calculations should not be based on transient gusts [7].

While the ACI method specifies a method for the estimation
of the evaporation rate of free water (i.e. the water sink at
the surface), there is no recommended estimation method
for the bleeding rate of concretes. While the water sink
depends primarily on the environmental conditions,
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the bleed water source depends mainly on the concrete
itself and the height of the element [10,20,21]. Instead, the
ACI method recommends only a value for the critical rate of
evaporation: concrete placement is supposed to be safe
when the evaporation rate is estimated to be below this
value, or otherwise appropriate curing measures should to
be implemented. According to the ACI method [7],
commonly quoted values for normal concretes and silica
fume containing concretes are 1 kg/mz/h and 0.25 kg/mz/h,
respectively. Moreover, for the state of New York and the
city of Cincinnati, 0.75 and 0.5 kg/m*/h, were recommended,
respectively [7]. Similarly, Canadian Codes and Australian
references recommended 0.75 and 0.5 kg/m?/h, respectively
[6]. These recommended critical evaporation rates originate
from the fact that they are lower than the bleeding rates
measured on concretes in a number of studies, e.g. [6,9,20].
Considering that Powers [9] observed bleeding rates in the
range 1.1-4.1 kg/m?/h (see also [6]), the limit of 1 kg/m*/h
appears to be conservative. However, the simplified
approach with the assumed lower bound of bleeding rate
described above can be criticized for the following reasons:

As also mentioned in the AClI method [7], concrete’s
bleeding properties can vary according to the
permeability, the bulk modulus evolution and the height
of the element, see also [10,21]. Therefore, the idea of
specifying a maximum critical evaporation rate (or,
inversely, a minimum concrete’s bleeding rate) without
explicitly considering these factors can lead to improper
estimation of the cracking risk [15]. The bleeding rate
(and as will be discussed later, the bleeding capacity)
may be seriously reduced when using finer cements, fine
fillers (e.g. silica fume), stabilizers, lower w/c, at higher
temperature, see also [5,7,20-23]. Most of these factors
were already recognized by Menzel [10].

Even if the (initial) bleeding rate is higher than the
evaporation rate according to the ACl recommendation,
around the time of initial set the bleeding rate will
invariably decrease, see Fig. 2. Consequently, the bleed
water accumulated on the surface will be lost. If the
removal of accumulated bleed water occurs before the
time of final set, the corresponding onset of capillary
pressure will lead to cracking. Since cracking proceeds
rapidly, as mentioned already by Lerch [1], few minutes
would be enough for crack propagation and severe
damage. The results shown in [18,24,25] are in line with
the latter concept. The issue of the increased risk of
cracking in the short time after bleeding stops (“critical
period”) was already raised by Menzel [10]. As long as
the short time windows between the decrease of
bleeding rate and the time of final set, together with the
relatively high bleeding rates observed in many
concretes, in the past usually assured that there was
enough accumulated bleed water to avoid the rise of
capillary pressures, the rate approach cannot be
considered conservative, in particular for the concretes
used nowadays. In addition to the lower bleeding rates
(and thus lower bleeding capacity) mentioned in point i,
this is particularly because of the prolonged time

window between the times of initial and final set caused
by the application of plasticizers, or replacement of
cement with inert fillers or with slow-reacting
supplementary cementitious materials [14].

Plastic shrinkage cracking is not limited to the cracks
caused by the evaporation of pore water and capillary
pressure. Even if we assume ideal external curing, which
keeps the concrete surface saturated and postpones the
evaporation of pore water until after the time of final
set, a residual risk of cracking due to plastic settlement
cracking (self-weight consolidation) remains due to the
bleeding process itself [26—29].

It should be noted that the problem of cracking that may
occur after evaporation of all bleed water (independently of
the initial bleeding rate) in the critical period after bleeding
stops was in fact recognized already by Menzel [10], see also
[20]. Nevertheless, most likely due to complexity of the
modeling approach to address this problem, a simple
approach with fixed minimum bound of bleeding rate was
adopted instead by ACI [7].

To address the complex problem of plastic shrinkage
cracking, the strategy of modeling fresh concrete following a
poromechanics framework has been used in the PhD project
of the first author, see also [14,17,21,30,31]. In fact, the
proposed model is able to couple the material properties
and the geometry of a concrete element with the
environmental factors, to finally estimate the cracking risk. In
that project, the development of a poromechanics model
has been accompanied by the design and interpretation of
experiments targeted at assessing the material properties
needed as input for the model. In addition, extensive
experimental validation of the model was performed, taking
different boundary conditions into account. Accordingly,
based on these extensive studies, a simple mitigation
method is presented in the next section, which is based on
estimating the total capacity of bleed water and assuring
that it remains higher than the total amount of the
evaporated water until the time of final set. The total
bleeding capacity can be estimated based on consolidation
equation [8] that can be nowadays easily implemented in a
numerical form, see [21].

2 Improvement of the ACI nomograph approach
based on the fresh concrete properties

As mentioned in the previous section, the ACI method does
not take into account the material properties. Therefore,
here a simple method is presented which would allow to
mitigate plastic shrinkage following the ACl approach butin a
more effective way. As shown in Fig. 4, one can write eq. (1)
to obtain the critical evaporation rate (e, [kg/m?/h])
according to environmental conditions and material
properties, to mitigate the plastic shrinkage cracking:

Ce
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Figure 4. Estimation of the critical evaporation rate according to
time of final set, time of casting and bleeding capacity

In eq. (1), Cg [ke/m?] is the bleeding capacity, teq [h] is the
time of casting, trsg [h] is the time of final set in the bleeding
state (covered sample with no evaporation). Therefore, by
estimating the evaporation rate of the free bleed water in a
construction project environment according to the ACI
nomograph (Fig. 3), and comparing to the critical value of
the evaporation rate (e, one could mitigate cracking, by
postponing the casting to when the evaporation rate is less
than the critical value. The bleeding capacity is a function of
the coefficient of permeability, bulk modulus and the height
of the element, determinable according to the relatively
simple numerical model of consolidation proposed originally
by Terzaghi [8] with input data obtained from a simple
bleeding test, see the recent work [21].

Another method is to design the fresh concrete according to
the estimated average evaporation rate of the casting-to-
finishing period by Fig. 3. In other words, according to eq. (2)
one could obtain the required bleeding capacity that the
concrete should possess. The design of a concrete mix with
sufficiently high bleeding capacity determined with eq. (2)
could be done by trial and error, employing a simple
laboratory test for bleeding and the method proposed in
[21]. There are also models available for estimating the time
of final set [32], which can be used in eq. (2), coupled with
the maturity concept to incorporate the effect of
temperature [17,33,34].

CB = ec (tFSB _tcast) (2)

It is remarked that the time of set and the bleeding capacity
are coupled, since both are a function of the mechanical
properties. One practical approach would be to increase the
coefficient of permeability (i.e. the bleeding rate) solely,
since it is a function of the initial pore geometry independent
of the evolution of mechanical properties [21], which can
increase the bleeding capacity, while keeping the time of
final set constant.

3 Closing remarks

This paper proposed new approaches to extend the
applicability of the well-known ACl nomograph to avoid the
risk of plastic shrinkage cracking by considering the total
bleeding capacity instead of the bleeding rate. The method is
based on determining the actual concrete’s bleeding
capacity (capacity of self-curing with bleed water) and
assuring that the bleed water is present at the surface at
given environmental conditions sufficiently long, at least
until the time of final set. The effect of environmental
conditions on evaporation of bleed water can be estimated
with the ACl nomograph.

If under any circumstances, it was not possible to design the
concrete according to the procedures proposed in this letter,
or place the concrete in the proper time, external curing
needs to be started latest at the time of the intersection of
the critical evaporation mass loss and the bleeding as shown
in Fig. 2. External curing methods include application of
plastic sheets on the surface of concrete or spraying water
on the whole surface [35]. The latter is necessary, since as
mentioned by Lerch before, plastic shrinkage propagates
very rapidly, and few minutes are enough for large cracks to
occur. Furthermore, it must be assured that the whole
concrete surface remains wet, otherwise cracking would
occur in the zones with lack of external curing.
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