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Plastic shrinkage cracking occurs when fresh concrete is drying and restrained from deformation, which typically
results in cracking. The tensile stresses causing cracking result from the negative capillary pressure that develops
in the drying concrete. This study developed a model that uses live in-situ capillary pressure measurements in
fresh concrete to control the capillary pressure response to prevent plastic shrinkage cracking at any reasonable
evaporation rate, making it a valuable tool for preventing plastic shrinkage cracking.

1. Introduction and background

Cracks are formed in fresh concrete when restrained plastic
shrinkage induces tensile stress greater than the tensile strength at the
time [1,2]. This tensile strength refers to the capillary pressure and
cohesion forces between the particles and not to the hydration of the
cement particles in the fresh concrete. Plastic shrinkage cracks
compromise aesthetics and durability and are more severe in concrete
elements with large surface areas [3,4]. Concrete elements that undergo
water loss through its boundary experience plastic shrinkage. Water loss
may be due to evaporation from the surface or suction of the dry ma-
terials adjacent to the still plastic element [5].

Plastic shrinkage is caused by capillary pressure [6,7]. When there is
water loss, there is a point at which air-water interfaces occur in cap-
illaries in the concrete and a complicated system of menisci forms [6,8].
The complicated system of menisci causes negative capillary pressure,
which can also be thought of suction. As less water is available in the
concrete, the menisci radii decrease and the magnitude of capillary
pressure increases, resulting in the fresh concrete mass contracting.

The capillary pressure at a specific location in concrete exposed to a
constant evaporation rate is conceptually illustrated in Fig. 1. There are
three stages of capillary pressure change. Stage I is directly after the
concrete is placed and the capillary pressure is still zero. In this stage, all
the capillaries are filled with water, and bleed water accumulates on the
concrete surface. As the bleed rate decreases, and the evaporation rate
remains constant, the cumulative amount of evaporated water exceeds
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the cumulative amount of bleed water. At the end of Stage I, all the bleed
water has evaporated and the concrete surface is dry. This is referred to
as drying time and here the negative capillary pressure starts to increase.

In Stage II, menisci form in the concrete. The depth of the menisci
system increases as more water moves from the system and the depth of
the dry concrete increases. The radii of the menisci also reduce as less
water is available in the concrete. As the radii decrease, the magnitude
of negative capillary pressure increases. The capillaries in the concrete
contract and the plastic shrinkage occurs. The available free water can
decrease until the menisci between particles can no longer be bridged.
This results in air entry and the onset of plastic shrinkage cracking. Air
entry is localised on the concrete surface. The period from drying time to
initial set is referred to as the critical period [9].

Stage III shows the instantaneous decrease in magnitude of negative
capillary pressure when air entry occurs. As the concrete surface con-
tinues to dry, other locations reach air entry and more plastic shrinkage
cracks are initiated.

The capillary pressure mechanism encapsulates all the influences of
climatic conditions, specimen geometry and materials composition on
the cracking risk of concrete [10-13]. Kwak & Ha [14] found that drying
time occurs earlier when the evaporation rate is increased, and the
bleeding rate remains constant. Consequently, the magnitude of nega-
tive capillary pressure starts to increase earlier. Turcry & Loukil [15]
and Combrinck & Boshoff [16] found that the onset of plastic shrinkage
cracks is before or at initial set. The cracks widen and lengthen between
initial and final set, whereafter the rate of crack growth decreases
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Fig. 1. Three stages of capillary pressure in fresh concrete (adapted from Slowik et al. [7]).
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Fig. 2. Effect of capillary pressure change rate.

significantly and stabilises. Boshoff & Combinck [2] and Sayahi et al. [9]
found that the severity of plastic shrinkage cracking in concrete is
directly proportional to the product of the volume of evaporated water
during the critical period and the initial setting time.

Plastic shrinkage cracking in fresh concrete is caused by a complex
combination of parameters that can change at any moment, making this
phenomenon challenging to predict. However, capillary pressure in
combination with drying time and initial setting time are identified
factors that dominantly influence plastic shrinkage cracking. These
factors can be encapsulated/measured by the area under the capillary
pressure curve between the two points in time. This pressure-time area
characterises the plastic shrinkage induced by negative capillary pres-
sure during the critical period.

Fig. 2 schematically illustrates the effect of the rate of capillary
pressure change on the pressure-time area. Normally, for the same
bleeding characteristics and materials composition, the drying time is
earlier with higher evaporation rates, also resulting in a high rate of
capillary pressure increase afterwards. It also results in a higher
magnitude of negative capillary pressure at initial set. Both these effects
contribute to a greater pressure-time area.

Methods and models to prevent plastic shrinkage cracking have been
developed. Findings from Slowik et al. [7] and Slowik et al. [17] showed
that the magnitude of negative capillary pressure can be reduced by

rewetting concrete. A closed-loop rewetting as a method for curing has
proved to be effective in controlling negative capillary pressure from
intensifying. This method required unique instrumentation to determine
the pressure threshold at which rewetting need to be implemented.
Plastic shrinkage severity models proposed by Boshoff & Combrinck [2]
and Sayahi et al. [9] were effective in predicting the plastic shrinkage
cracking severity as a function of evaporation rate. The models were,
however, only applicable to certain mould restraints and could not
predict when cracking would not occur. The model proposed by Ghod-
dousi et al. [10] for predicting plastic shrinkage cracking area could only
provide a rough estimate of the plastic shrinkage cracking area in self-
compacting concrete.

Capillary pressure is the driving force behind plastic shrinkage. It can
be monitored in plastic concrete and controlled to prevent plastic
shrinkage cracking. In this paper, a capillary pressure control measure to
prevent plastic shrinkage cracking was implemented and evaluated. The
potential control measure was identified, developed and refined. The
input parameters for the control measure for a specific concrete mixture
were determined from physical testing and the efficacy of the control
measure was evaluated using different evaporation rates.

2. Model characterisation
2.1. The no cracking capillary pressure boundary model

The proposed No Cracking Capillary Pressure Boundary Model is
developed from the negative capillary pressure response, the drying
time and the initial setting time. The parameters are used to determine
the pressure-time area under the negative capillary pressure response
from the drying time to the initial setting time of the concrete. This
pressure-time area is a measure of the plastic shrinkage induced by the
negative capillary pressure in the mentioned timeframe.

It is postulated that to prevent plastic shrinkage cracks from forming,
the pressure-time area for a curve with a high negative capillary pres-
sure change rate, must be less than or equal to the pressure-time area of
a capillary pressure response curve that does not result in cracking. For
the pressure-time areas to be less than or equal, a no cracking capillary
pressure boundary must be determined. The negative capillary pressure
of the high negative capillary pressure change rate concrete must be
maintained within this boundary. This boundary can be applied by
determining a critical pressure limit on the high negative capillary
pressure response. The larger the negative capillary pressure change
rate, the lower the no cracking capillary pressure boundary will be to
ensure that the pressure-time area remains less than or equal to the
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Fig. 3. The schematic of the negative capillary pressure response and pres-
sure-time areas of g(t) that will have plastic shrinkage cracking and f(t) that
will have no plastic shrinkage cracking.

pressure-time area of the capillary pressure response curve that does not
result in cracking.

The model concept can be explained with the schematic illustrations
in Fig. 3 and Fig. 4. Fig. 3 shows two negative capillary pressure
response curves at different change rates that passes the initial setting
time of the concrete at t;;. The negative capillary pressure response of
g(t) is greater than that of f(t). The upper curve, g(t), is the negative
capillary pressure response curve of fresh concrete that will form plastic
shrinkage cracks. The second curve, f(t), is the negative capillary pres-
sure response of the same fresh concrete that will just not form plastic
shrinkage cracks. If the negative capillary pressure response of f(t) were
any higher, plastic shrinkage cracking would occur.

Fig. 3 also shows the pressure-time area under the negative capillary
pressure response between the drying time and the initial set for g(t) and
f(t). The area under g(t) is greater than the area under the no crack curve
f(®).

By applying the No Cracking Capillary Pressure Boundary Model, it is
proposed that for no plastic shrinkage cracks to occur on the concrete of
g(t), the pressure-time area under g(t) must be equal or less to the
pressure-time area under the no crack curve f(t). For the area under g(t)
to be equal to the area under f(t), a no cracking capillary pressure
boundary must be applied at a specific time to the negative capillary
pressure response curve g(t). The capillary pressure of the concrete
needs to be maintained under the boundary. Fig. 4 shows the two
negative capillary pressure response curves, g(t) and f(t), where no
cracking capillary pressure boundary is applied to curve g(t). The figure
illustrates that for the area, Ag, to be equal to the area, Ayc, a no cracking
capillary pressure boundary must be applied to curve g(t) at a specific
time, tg. The no cracking capillary pressure boundary marks the critical

NS

a=1,2 - ,n—-2,n—-1
(wheret,, = tpycandty, = tie)
and

b=12 - m—2m—1

(where t, = tpcand 1, = tg)
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Fig. 4. The schematic of the negative capillary pressure responses of g(t) and
f(t) with equal pressure-time areas after applying the model concept.

pressure limit, Pg, for area Ac, for curve g(t) to be maintain under.
Therefore, the critical pressure limit, Pz and corresponding time, tg
need to be determined to apply the no cracking capillary pressure
boundary to a negative capillary pressure response. The critical pressure
limit and corresponding time can be derived from Fig. 4 by considering:

Anc =Ac (@)

where Ay is the area of the negative capillary pressure response
curve of concrete that will not form plastic shrinkage cracks [kPa-min]
and Ac is the area of the negative capillary pressure response curve of
concrete that will form plastic shrinkage cracks [kPa-min].

The pressure-time area of Ayc and A¢ can be found by integrating the
required regions:

/ f(o)dt = / g()dt + Pp @ (i, — 1) 2

where t;, is the initial setting time [min], tpyc the drying time of the
no crack negative capillary pressure response curve [min] and tp¢ drying
time of the negative capillary pressure response curve of the concrete
that will form plastic shrinkage cracks [min]. Furthermore, t; is the time
correlating to the critical pressure limit [min] and Py the critical pres-
sure limit [kPa].

The expression for the negative capillary pressure response of f(t)
and g(t) is unknown, making it challenging to calculate the area under
the negative capillary pressure response with Eq. (2). Therefore, the
Trapezoidal rule is used to calculate the areas under the negative
capillary pressure response curves. By substituting the Trapezoidal rule
into the previous expression, the no cracking capillary pressure
boundary equation is found.

Fltone) +2) 1 f (o) +f(t,~m)} = g {g(rnc) +25 " g(6,) + 8(1a) | + Pa o (tuer — 1),

3
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Table 1
The concrete mix design and properties.
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Water [kg/ CEMI52.5R 13.2 mm Dolomite crusher  Dolomite crusher Slump 28-day Compressive Initial setting Final setting
m3] [kg/ms] stone [kg/ms] sand [kg/m3] [mm] strength [MPa] time [min] time [min]
220 440 453 1359 10 49.5 (3.11) 283 430
where h is the time intervals [min] used to determine the pressur- Table 2
able

e-time areas.
By simplifying Eq. (3), the no cracking capillary pressure boundary
equation can be expressed as:

Trne = Tre + Pp ® (tiyer — 15) ()]

Where Tgyc is the Trapezoidal rule estimate for the area under f(t)
[kPa-min] and Trc the Trapezoidal rule estimate for the area under g(t)
between the drying time and the time when the no cracking capillary
pressure boundary is applied [kPa-min].

Hence, the No Cracking Capillary Pressure Boundary Model is found.
By maintaining the negative capillary pressure response of g(t) below
the no cracking capillary pressure boundary which marks Pg, to obtain
the same pressure-time area as that of the no crack capillary pressure
response f(t), plastic shrinkage cracking could be prevented.

2.2. The no cracking capillary pressure boundary model determination

To apply the proposed model with live or previous capillary pressure
measurements, Eq. (3) is used to calculate the critical pressure limit and
the time at which this limit is reached. Eq. (3) sets the pressure-time
area of the no crack curve equal to the pressure-time area of the curve
where plastic shrinkage needs to be prevented. Only three model pa-
rameters are required for this equation:

1. the area under the no crack negative capillary pressure response for
the relevant concrete

2. the drying time of the current negative capillary pressure response

3. the initial setting time of the relevant concrete

The critical pressure limit can then be determined by adding the
negative capillary pressure measurements and the corresponding time
after the current drying time into Eq. (3). The capillary pressure mea-
surements and corresponding time is added at 60-second intervals until
the pressure-time area is equal to the area Tryc. The 60-second intervals
were decided on to provide sufficient accuracy to determine the pres-
sure-time area and notice any sudden changes in the negative capillary
pressure change rate. When the critical pressure limit is reached, the
negative capillary pressure response will need to be reduced by rewet-
ting the concrete. The no cracking capillary pressure boundary marks
the critical pressure limit and is applied when the pressure limit is
reached. The negative capillary pressure response is reduced by rewet-
ting the concrete surface each time the no cracking capillary pressure
boundary is reached.

The benefit of the proposed empirical model is that the model only
requires three parameters and can be applied in real-time and with
previous capillary pressure measurements in fresh concrete to help
prevent plastic shrinkage cracking.

3. Experimental framework
3.1. Experimental outline

The experimental work consisted of two testing phases namely the
plastic shrinkage cracking characterisation and model verification
phase. The phases assist in evaluating the proposed No Cracking
Capillary Pressure Boundary Model. In the plastic shrinkage cracking
characterisation phase, the concrete was tested at six evaporation rates
to determine the model parameters needed for testing the model. In the

The chemical compounds of CEM I 52.5 R [% by mass, ignited basis], Afrisam
[22].

Si0, Ca0 Al,O4 Fe,03 MgO

20.79 65.05 4.64 2.69 1.73

model verification phase, the concrete was tested in three evaporation
rates to evaluate whether the model can be used to reduce plastic
shrinkage cracking. The capillary pressure, evaporation rate, and plastic
shrinkage cracks were measured during each phase.

3.2. Materials and mixture proportions

A low bleed concrete mix was used for the experimental work which
consisted of 75 % fine aggregate and 25 % coarse aggregate. Table 1
shows the material constituents and mixture proportions. The slump
[18], compressive strength [19] and setting times [20] of the concrete
are also shown in the table. The standard deviation for the 28-day
compressive strength is provided in the table in brackets. Time zero
for the setting time was when the water made contact with the cement.
The concrete has a water/cement ratio of 0.5 and bleeding capacity of
1.18 kg/m? [21].

The CEM I 52.5 R used in the mix design has a specific surface area
and particle size range of 609 m2/kg and 0.3 — 350 um, respectively. The
chemical composition of the cement is provided in Table 2.

In both testing phases, the concrete was cast into three evaporation
moulds and three plastic shrinkage cracking moulds. The evaporation
moulds were cylindrical PVC moulds with a diameter of 110 mm and a
height of 100 mm. Fig. 5 shows the plastic shrinkage cracking mould
used as well as the dimensions of the mould. The figure also shows
where the tensiometers were placed within the concrete specimens. The
plastic shrinkage cracking mould was adapted in two ways, initially by
Combrinck [23] from the original ASTM C 1579 [24] mould design and
thereafter by adding four vertical triangular prisms taken from a design
by Combrinck et al. [25], with two at each endpoint.

The experimental work used a tensiometer setup, as illustrated in
Fig. 6. The setup featured an upwards facing tensiometer, situated in 32
mm from the surface of the concrete and held in place with a specially
designed three-dimensional printed pedestal. The purpose of the
pedestal was to maintain the tensiometer at the desired height and po-
sition in the concrete specimens after vibrating the concrete, as shown in
the figure.

The constituents and moulds were placed in a temperature-
controlled room (set at an air temperature of 24 + 1 °C) 24 h before
testing. The mixing procedure for the concrete started by wetting the
pan mixer. The dry constituents were then added to the mixer and mixed
for 60 s. Thereafter the water was added, and the concrete was mixed for
2 min, which added up to a total mixing time of 3 min.

3.3. Experimental setup

The evaporation rates needed for the different tests in each phase
were created using a:

e Climate Chamber (high evaporation rates with controllable wind
speeds) — one evaporation rate in the plastic shrinkage cracking
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Fig. 5. Plastic shrinkage cracking mould with dimensions and tensiometer placement.
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Fig. 6. Tensiometer setup with dimensions.

characterisation phase and the evaporation rates in the model veri-
fication phase.
e Mild Environmental Room (mild evaporation rates) — four evapora-
tion rates in the plastic shrinkage cracking characterisation phase.
e High Humidity Room (low evaporation rates) — only one evaporation
rate for the plastic shrinkage cracking characterisation phase.

The climate chamber was set at the desired climatic conditions
(temperature, wind, humidity) 2 h before the test, whereas the climatic-
controlled rooms were set 48 h before each test (only temperature and
humidity, no wind).

The capillary pressure in the fresh concrete was measured with
tensiometers that can measure the direct negative capillary pressure
[26,27]. Two types of tensiometers were used in the experimental setup,
each consisting of a porous ceramic tip, a pressure gauge, and a stainless-

steel cap. The first type had a 300 kPa porous ceramic tip and a 700 kPa
pressure gauge with a maximum linearity of £+ 0.5% Full Scale (FS) and
a maximum pressure hysteresis of + 0.15% FS. The second type had a
1500 kPa ceramic tip and a 1200 kPa pressure gauge with a maximum
linearity of &+ 0.15% FS and a maximum pressure hysteresis of + 0.15%
FS.

Before each test, the tensiometers were saturated for 48 h. After
saturating the tensiometers, the sensors were calibrated (all tensiome-
ters achieved an R%-value > 0.95) and stored in a bottle containing
deaerated water until use. When embedding the tensiometers at the
desired position in the concrete, the sensors were consolidated within
60 s to prevent early cavitation. Deysel [28] provides an in-depth dis-
cussion on the tensiometer design and setup and the saturation and
calibration procedures utilised. The tensiometers were connected to a
Campbell Scientific CR 1000X Series data acquisition system. The
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Fig. 7. The negative capillary pressure response envelopes at the six evaporation rates.

readings of the tensiometers were logged at a rate of 1 Hz for the
duration of the tests. As illustrated in Fig. 5, two tensiometers (one 700
kPa tensiometer and one 1200 kPa tensiometer) were embedded at a
depth of 32 mm in each plastic shrinkage cracking specimen at third
points (spaced at 200 mm).

The concrete was cast in the different moulds by initially filling the
moulds halfway and vibrated for 60 s. Tensiometers were placed in the
plastic shrinkage cracking moulds at the desired position and depth. The
moulds were filled with concrete to the 100 mm height and vibrated for
another 60 s. The total duration of the vibration of the concrete adds up
to 2 min. The concrete surface was finished with a steel trowel for a
smooth surface finish.

The evaporation of the concrete was measured by weighing three
moulds filled with fresh concrete. The specimens were measured on a
Jadever JWA 30 K scale, which has a range of 30 kg and a resolution of
0.001 kg. The specimens were measured before starting the test and
thereafter in intervals of 20 min for the test duration. It should be noted
that 0.001 kg resolution means that evaporation rates lower than 0.11
kg/m?/h (calculated dividing the scales resolution by the specimen
surface area per hour) are likely to be an approximation of the actual
evaporation rate.

The crack widths were measured every 20 min from the start of the
test with a crack width card. Cracks were measured at the centre of the
plastic shrinkage cracking specimens. The crack width card could
measure crack widths from 0.05 to 10 mm.

In all the tests conducted in the two testing phases, the plastics
shrinkage cracking and evaporation specimens were placed parallel to
the wind direction in the climatic rooms and mobile climate chamber.
Time zero for all of the tests began once the desired evaporation rate was
reached. The concrete was then exposed to the evaporation rate for 6 h.

In the plastic shrinkage characterisation phase, the concrete was
exposed to six evaporation rates (which ranged between 0.06 and 0.84
kg/m?/h) to determine the model parameters. While the concrete was
exposed to the evaporation rates, the capillary pressure, evaporation
rate and cracks width were measured. In addition, capillary pressure
measurements were used to determine the drying time.

In the model verification phase, the concrete was exposed to three
evaporation rates (ranging between 0.35 and 0.86 kg/m2/h). A

Table 3
Average capillary pressures of the concrete at the different evaporation rates.
Conditions ER-1 ER-2 ER-3 ER-4 ER-5 ER-6
Capillary pressure - - -14.1 -125 -129 -143
before cracking, kPa
Capillary pressure at the ~ — - -226  -20.1 —-21.8 245
onset of cracking, kPa
Capillary pressureatthe  0.231  —18.1 -522 -114 -106 —158
initial setting time,
kPa
Drying time, min 234 133 87.9 547 67.8 20.5

spreadsheet was created for the empirical model, and the model pa-
rameters were added. The capillary pressure was monitored, and once
the drying time (point in time where the capillary pressure > 0 kPa) was
reached, the capillary pressure measurements were added every 60 s. As
the measurements were added, the spreadsheets calculated the pres-
sure-time area until the critical pressure limit was determined. When
the limit was determined, the no cracking capillary pressure boundary
was applied, and the concrete surface was rewetted with water. The
plastic shrinkage cracking specimens were rewetted each time the
boundary was reached. A spray bottle was used to rewet each specimen.
The rewetting procedure consisted of lightly drizzling (to evenly
distribute the water over the surface) the water on the surface of the
specimens until the pressure drop occurred. In tests conducted in this
phase, the capillary pressure, evaporation rate, cracks width and water
added to the specimens were measured. This process of determining
whether water needs to be added and even the adding of the water can
be easily automated.

4. Results and discussions
4.1. Plastic shrinkage cracking characterisation

The negative capillary pressure envelopes overtime for the concrete
at varying evaporation rates are shown in Fig. 7. Each envelope was

obtained either using the highest and lowest negative capillary pressure
readings or the most representable curves for each evaporation rate. The
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Fig. 8. The average crack width at different evaporation rates.

setting times for each evaporation rate is also shown in the figure.

The figure clearly shows that as the evaporation rate increases
relative to ER-1: 0.06 kg/m?/h, the negative capillary pressure increases
which is consistent with Slowik et al. [17]. A reason for this is that the
higher evaporation rates decreases the menisci radii between solid
particles at a higher rate, causing the negative capillary pressure to in-
crease substantially.

According to the findings from Holt & Leivo [29] and Slowik et al.
[71, a drop in pressure in the negative capillary pressure occurs either
with air entry into the concrete or by rewetting the concrete surface. The
pressure drops were found to occur between the plastic shrinkage
cracking onset and crack width stabilisation. Some of the pressure drops
can also be seen in the negative capillary pressure envelopes of ER-4, ER-
5 and ER-6. Therefore, the pressure drops might be due to sudden water
movement or air entry within the concrete as a crack forms.

Table 3 shows the capillary pressure at the time of the specific events
of crack formation and initial set for the different evaporation rates. The
specific events of crack formation in the table include the capillary
pressure just before plastic shrinkage cracking occurred (capillary
pressure before cracking) and just after the onset of plastic shrinkage
cracking occurred (capillary pressure at the onset of cracking). It should
be noted that crack measurements were measured at 20-minute in-
tervals, which means that the critical capillary pressure at which plastic
shrinkage cracks form could be lower than the recorded capillary pres-
sure values.

The specimens exposed to ER-1: 0.05 kg/m?2/h and ER-2: 0.15 kg/
m?/h had no plastic shrinkage cracking, while the concrete exposed to
ER-2 did show an increase of negative capillary pressure, as seen in
Fig. 7. Therefore, confirming that a negative capillary pressure can exist
if there is no plastic shrinkage cracking. An interesting finding shown in
the figure is that at the low evaporation rate ER-2, negative capillary
pressure response obtained an S-type curvature. A possible cause is that
the concrete surface has densified to a point where low evaporation does
not affect negative capillary pressure response in the concrete and that
the response is now due to water loss due to cement hydration within the
concrete.

Another phenomenon shown in the table is that the capillary pres-
sure before plastic shrinkage cracking and the capillary pressure at the
onset of plastic shrinkage cracking at different evaporation rates
occurred roughly at the same capillary pressure values. Before any
plastic shrinkage cracks formed, the capillary pressure values were be-
tween —14.3 and —12.5 kPa in evaporation rates between ER-3: 0.31
kg/m?/h to ER-6: 0.84 kg/m?/h. At the onset of the plastic shrinkage
cracking, the capillary pressure occurred between —24.5 and —20.1 kPa
for evaporation rates between 0.31 and 0.84 kg/mz/h (ER-3 to ER-6). It
can be argued that by maintaining the negative capillary pressure
response for the concrete below negative 12.5 kPa, no plastic shrinkage
cracks will form. This confirms the conclusion made by Slowik et al. [17]
that there exists a critical capillary pressure. As expected, the negative
capillary pressure values at the initial setting time will increase with the
increase in the evaporation rate.

The results show that as the evaporation rate increased, the drying
time occurred sooner. The drying times found at the different evapora-
tion rates confirm the findings from Kwak & Ha [14] on concrete drying
time.

The negative capillary pressure in ER-2 for this concrete mix is used
in the empirical model as the no cracking negative capillary pressure
curve.

The plastic shrinkage crack growth at the various evaporation rates is
illustrated in Fig. 8. Each line represents the average crack growth in
that evaporation rate. Fig. 8 clearly shows that as the evaporation rate
increased, the crack width increased, which corresponds to the literature
[2,9]. Higher evaporation rates induce higher tensile stresses on the
surface of the concrete, resulting in earlier plastic shrinkage cracking.

From Fig. 8 and Table 3 it is clear that an increase of the negative
capillary pressure results in an increased cracks width. The higher
negative capillary pressure will result in high tensile strains forming in
the concrete and more severe plastic shrinkage cracking. The cracks
initiated when the negative capillary pressure passed a critical capillary
pressure, which corresponds to the conclusion Slowik et al. [17] made.
In addition, the findings show that the plastic shrinkage cracks
continued to grow until the initial setting time, and stabilise towards
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Table 4
The previous capillary pressure results and model results for the concrete.

Conditions ER-1 ER-2 ER-3 ER-4 ER-5 ER-6

Actual 0.06 0.15 0.31 0.62 0.64 0.84
evaporation
rate, kg/m%/h
Initial setting 239 239 245 242 239 233
time, min
Average
capillary
pressure
response area,
kPa-min
Average - - -3.81 -3.20 -3.29 —2.95
calculated
critical
pressure limit,
kPa
Average crack 0 0 0.32 1.23 1.23 1.47
width, mm

-2.570 -634.8 2317 7335 8130 12140

final set, which correlates with Combrinck & Boshoff [16].

The plastic shrinkage crack onset time at evaporation rates ER-4:
0.62 kg/m?/h and ER-5: 0.64 kg/m?/h coincided. It is due to the ER-4
and ER-5 having similar evaporation rates. Fig. 8 shows that between
120 and 240 min, the crack growth of ER-4 and ER-5 had different
widths over time but obtained the same stabilisation crack width after
240 min. The reason for this might be due to the difference in climatic
conditions although both obtained the similar evaporation rates.
Furthermore, the findings show that reducing the evaporation rate from
ER-4: 0.62 kg/m?/h to ER-3: 0.31 kg/m?/h, resulted in delaying the
crack onset and the crack stabilisation times. In all of the evaporation
rates, plastic shrinkage cracking initiated before the concrete reached
the initial setting time.

The average crack widths of the concrete for each evaporation rate
increased as the evaporation rate increased. When comparing the crack
widths at stabilisation in ER-3: 0.31 kg/m?/h with ER-4: 0.62 kg/m?/h,
the crack width of ER-4 increased by 2.84 times the crack width of ER-3.
This emphasises how the evaporation rate affects the crack width of
plastic shrinkage cracks.
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4.2. Model verification

4.2.1. Previous capillary pressure measurement tests

Table 4 provides the three model parameters and the average crack
width of the concrete for the six evaporation rates. The average capillary
pressure response area and average critical pressure limit that were
calculated from the six capillary pressure measurements are also shown
in the table. The findings show that the negative capillary pressure
response area increased as the evaporation increased. As the negative
capillary pressure response area increased after the no crack negative
capillary pressure response area (ER-2), the average crack width in the
concrete also increased. The reason for the occurrence is that the higher
the evaporation rate, the higher the negative capillary pressure response
in the concrete. The higher the amount of plastic shrinkage within the
concrete, the more severe the plastic shrinkage cracking on the concrete
surface will be when the concrete is restrained.

The calculated critical pressure limit increased as the capillary
pressure response area decreased. When comparing the critical pressure
limit of ER-4: 0.62 kg/m?/h with ER-5: 0.64 kg/m?/h. It can be seen that
ER-5 had a higher evaporation rate, but a lower average calculated
critical pressure limit than that of ER-4. This might have due to ER-5
having some negative capillary pressure responses that were lower
than that of ER-4, which resulted in the model calculating a lower
critical pressure limit. The model was developed to calculate a higher
critical pressure limit as the capillary pressure change rate decreased
(increase in the evaporation rate) and vice versa. Therefore, it can be
seen that the critical pressure limit equation performed correctly in
determining the critical pressure limit required to apply the no cracking
capillary pressure boundary.

Fig. 9 shows the regression line for plotting the negative capillary
pressure response area against the evaporation rate. The figure shows
that the evaporation rate increases as the negative capillary pressure
response area increases. A strong linear relationship can be seen be-
tween the negative capillary pressure response area and the evaporation
rate.

At the same time, Fig. 10 shows the regression line for plotting the
average crack width and no cracking capillary pressure boundary (that
will have to be applied) against the negative capillary pressure response.
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Fig. 11. Negative capillary pressure response envelope and crack width for Model Test 1.

The R2-value of 0.953 shows a strong correlation between the average
crack width and the negative capillary pressure response area of the
concrete. A similar correlation between the no cracking capillary pres-
sure boundary and the negative capillary pressure response area is seen.
As the negative capillary pressure response area of the concrete increase,
the average crack width increases while the no cracking capillary
pressure boundary decreases.

Given the strong correlation between the plotted parameters, it can
be argued that the two graphs can be utilised to predict the average
plastic shrinkage crack width and the necessary boundary for preventing
these cracks, using only the measured evaporation rate of the concrete.

4.2.2. Live in-situ capillary pressure measurement test

Figs. 11-13 show the negative capillary pressure response envelopes
found by applying the model at three distinctive evaporation rates. The
graph shows the capillary pressure and cracks width measurements over
time. The concrete was only sprayed with water for up to 280 min to
observe the negative capillary pressure behaviour of the concrete after
the added water.

The figures show that as the evaporation rate increased, the no
cracking capillary pressure boundary increased from —5.08 to —2.96
kPa. This confirms that the model correctly calculated the critical
pressure limits as the evaporation rate increased. It can also be seen that
all the calculated critical pressure limits were lower than the critical
capillary pressures between —14.3 and —12.5 kPa from Table 3.
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Fig. 13. Negative capillary pressure response envelope and crack width for Model Test 3.

All the Model Tests show that no plastic shrinkage cracks formed for
the time that water was added when the no cracking capillary pressure
boundary was reached. However, when no water was added after 280
min, only the specimens of Model Test 3 started forming plastic
shrinkage cracks.

When comparing the three Model Test graphs with each other, all of
the model tests followed more or less the same capillary pressure
response curve when no water was added, and only the Model Test 3:
0.86 kg/m?/h cracked. The figure shows that at the start of the Model
Test 3, the capillary pressure passed the no cracking capillary pressure
boundary, and water had to be added to reduce the negative capillary
pressure in the concrete. The sudden negative capillary pressure
response in the concrete could have damaged the concrete from the start
of the test.

10

The graphs also show that after 280 min, the negative capillary
pressure response in the concrete had similar rates. A plausible reason
for the negative capillary pressure response being the same in all the
Model Tests after 280 min is that at that point, the negative capillary
pressure response was no longer dependent on the evaporation rate and
only dependent on the hydration of the cement. Indicating that plastic
shrinkage cracking is not dependent on the capillary pressure in the
concrete after a certain point in time. Another reason might be that the
concrete surface and the inner concrete in which the sensors were placed
are now at different stages.

The findings confirmed that by using the No Cracking Capillary
Pressure Boundary Model, plastic shrinkage cracking could be prevented
by maintaining the negative capillary pressure response below the no
cracking capillary pressure boundary.
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5. Conclusions

The plastic shrinkage cracking characteristics of a concrete mixture
were studied, focusing on the capillary pressure mechanism in fresh
concrete. The study developed a model that uses live in-situ capillary
pressure measurements in fresh concrete to control the capillary pres-
sure response to prevent plastic shrinkage cracking at any evaporation
rate. The following conclusions are drawn based on the finding obtained
throughout the study:

The plastic shrinkage and plastic shrinkage cracking characteristics
of the concrete shows that as the evaporation rate increases, the
negative capillary pressure change rate and plastic shrinkage crack
width increases.

The negative capillary pressure will not build up before initial set is
reached, as long as the evaporation rate remains below approxi-
mately 0.1 kg/m?/h.

e A negative capillary pressure response curve exists for the concrete
tested where no plastic shrinkage cracking will occur.

The Model Tests findings showed that the No Cracking Capillary
Pressure Model calculated a critical pressure limit relevant to the
concrete mixture and evaporation rate. In addition, it was seen that
the calculated critical pressure limits were lower than the range of
critical capillary pressures where cracking occurred.

e A model known as the No Cracking Capillary Pressure Boundary
Model was proposed. The model helped prevent and reduce plastic
shrinkage cracking in the concrete. After calibrating the model, by
maintaining the boundary for the duration of the concrete exposed to
an evaporation rate, the model can effectively aid in preventing
plastic shrinkage cracking in fresh concrete.
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