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Abstract. The aim of this study was to measure equilibrium moisture content of hollow core
slabs on both hygroscopic and capillary ranges. Because of the fabrication method of hollow
core slabs, concrete grades and compacting methods used in the production differ from those
used with reinforced concrete structures and elements. Test samples were taken from two slabs
delivered by different manufacturers. Both slabs had similar geometry and were made of C50/60
grade concrete. Hygroscopic moisture equilibrium values were determined in climate chambers.
Thin test specimens were used to perform tests within a reasonable time. Hygroscopic moisture
equilibrium was measured at high relative humidities (RH), from 85 to 97 % RH. These
measurements could be connected to the measurements of the retention curve done by a pressure
plate. Measurements done in climate chambers and by pressure plate provided coherent results
within the accuracies of these two methods. The results of two concrete slabs representing two
different manufacturers differed significantly from each other, indicating the deviation of
hygrothermal material properties even if the studied slabs were almost identical in many respects.
Measured data is especially useful in modelling as well as analysing moisture damages.
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1. Introduction

1.1. Background of the study

Hollow core slabs are prefabricated, prestressed concrete slabs made of high strength concrete. Concrete
grades and compacting methods differ from those of typical reinforced concrete structures and elements.
The reasons for this are the fabrication method and demands for concrete strength due to the prestressing.
Relatively low water-cement ratios are consistently used.

Hollow core slabs are widely used in subfloor, intermediate floor and roof structures. Unlike to a
reinforced concrete slab cast in situ, a hollow core slab structure does not provide even modest protection
from rainwater during construction. Therefore, the building frame is likely to absorb water until the
roofing is completed, unless a construction weather protection is used. Hollow core slabs should always
be equipped with weep holes to drain moisture out of voids. Freezing water may cause severe cracking
if the weep holes are lacking or blocked [1] [2]. Even moisture from the manufacturing phase can be an
issue despite weather conditions and protection. On intermediate floors, there have been problems due
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to the combination of improper drying of construction moisture and alkalinity of fresh concrete. Several
flooring materials and adhesives have proved vulnerable to moist and alkaline conditions, causing the
dissolution of the materials and thereafter excessive levels of volatile organic compounds (VOC) [3]. In
crawl spaces, condensation and mould growth occur easily if there are any flaws in design or
construction of structures [4] [5] [6]. Therefore, properties of all building materials, including concrete
used in hollow core slabs, should be accurately known both in design and construction phases. Wooden
crawl spaces are obviously the most vulnerable to mould growth, but mould growth can occur also in
crawl spaces with hollow core slabs or other type of concrete structures as load-bearing elements.

For the drying of construction moisture and scheduling floor cover installation, the drying time of
hollow core slabs should be evaluated during construction. This can be done by measuring the initial
moisture content of slabs and then calculating the drying time. The calculations must be done per project
e.g. because of the variations in initial slab moisture, different moisture content of outdoor air during
various seasons and the drying method. For these calculations, hygrothermal properties of hollow core
slabs must be known at a wide RH range. Desorption values at high relative humidities, from 100 % to
approx. 75 %, are critical for the drying of the built-up moisture. Mould growth is not possible below
this range and humidities below 75...80 % are low enough for floor coverings of all kind.

1.2. Previous studies

The equilibrium moisture content of concrete, often presented with sorption isotherms, depends on
numerous factors. Baroghel-Bouny [7] studied concretes with various types of cements, water-to-cement
ratios and grain-size distributions of the aggregate. Average 28-day cylinder compressive strengths
varied from 25.1 to 115.5 MPa, thus well covering the range used when manufacturing hollow core
slabs. There were considerable differences between the initial water contents of concrete types which
indicates the importance of measuring sorption isotherms for different types of concretes. Olsson et al
[8] recorded the moisture desorption values of several types of concretes at the ages of eight month and
four years. There were remarkable changes in desorption values, indicating changes within the pore
structure of the concrete. Even the drying of test samples is critical to the measurement procedure
because it causes restructuration to the calcium-silicate-hydrate (C-S-H) and hence changes to the pore
structure of concrete [9].

In earlier studies, the specimen thicknesses of some millimetres have been used [7]. This is possible
because the dimensions of the pores affecting the moisture equilibrium are within a nanometre range
and the role of aggregate is negligible [7]. Therefore, the specimens can be thinner than maximum
aggregate size.

1.3. Research aims

The aim of the study was to measure the equilibrium moisture content of hardened concrete used in
hollow core slabs. The measured data can be utilized in moisture control during construction as well as
for analysing moisture and frost damages. Test methods were also developed to speed up measurements
and to improve measurement accuracy.

2. Materials and methods
2.1. Concrete samples

2.1.1. Hollow core slabs. Test samples were taken from two hollow core slabs ordered for an earlier
research project from two different factories. Both of the slabs represent random samples because they
were manufactured as a part of normal production. The age of the concrete was two years when the tests
were started. Due to storage indoors, moisture conditions were well within hygroscopic range. The
properties of the slabs are presented in Table 1.
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Table 1. Properties of hollow core slabs ordered for sample preparation

Slab code L P

Manufacturer Lujabetoni Oy Parma Oy (a subsidiary of
Consolis group)

Slab dimensions (width * height) 1200 mm * 265 mm 1200 mm * 265 mm

Dry density of concrete 2209 kg/m?® 2241 kg/m?®

Compression strength of concrete C50/60 C50/60

according to standard EN 206 [10]

Water/cement -ratio of concrete 0,472 0,486

2.1.2. Test samples. In the hygroscopic range, the test series of three specimens were made. They were
first sawn to correct dimensions and then levelled by grinding. The preparation method and the size of
samples restricted the minimum sample thickness to 7...10 mm. The samples were preconditioned at
+21 °C temperature and 97 % relative humidity (RH) before tests. Hence, all measured values were
desorption values. In the capillary range, the series of 10 circular specimens having 52 mm diameter
were used. To speed up the tests, they were ground as thin as possible, 6 mm being a practical limit.

2.2. Test methods

2.2.1. Measurements in the hygroscopic range. Measurements were performed in climate chambers
having constant temperature and humidity conditions. The method is widely used and simple. Its main
drawback is very long measurement time with many materials. The time needed for reaching the
moisture equilibrium of high-strength concrete was not known before measurements. Based on the
experience of Baroghel-Bouny [7], test duration of several months was estimated. In practise, the
method can be used in relative humidities below 98 %.

A constant relative humidity atmosphere was created by mixing water and salt at the bottom of a
plastic vessel and placing the test specimens at the rack above salt solution. A small fan was installed
inside the vessel approx. 15 cm above specimens to circulate air. Air velocities next to the specimens
were from 1 to 5 m/s and no specimen was placed straight ahead the fan. This provided equal humidity
and temperature conditions to all specimens. The test was performed at 85 % and 94 % using potassium
chloride (KCl) and potassium nitrate (KNO3). Specimens were weighed periodically to observe changes
in moisture content. Principle of the method is presented in Figure 1.
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Figure 1. Principle of the climate chamber. A plastic vessel is used as a chamber and relative
humidity is controlled by salt solution.

The vessel was stored in a laboratory room equipped with the temperature and relative humidity
control. The temperature set point of the laboratory room was +21 °C and the RH set point was 50 %.
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Unfortunately, some malfunctions of temperature control occurred during the test period. The most
unwanted event was a rapid temperature decrease which caused a temperature decrease of 2 °C inside
plastic vessel, thereby causing a temporary increase of RH inside the vessel. This occurred in the middle
of winter while room temperatures adjacent to the laboratory room were unusually low, thus enabling
the sudden temperature drop in the laboratory room.

The test was done applying standard EN ISO 12571:2014 [11] with three exceptions. The first
exception was the drying method of specimens prior to measurements. The standard suggests oven-
drying at +105 °C. However, the specimens were dried by storing them at 11 % relative humidity and
room temperature until the moisture equilibrium was reached. This was done because of the risk of
micro cracking and thereby changes in pore structure. The risk exists when specimens are prone to
elevated temperatures. According to e.g. Gallé [12], Feng et al [13] and Bednarska et al [14], lower
drying temperatures than +105 °C should be used.

The second exception was the number of relative humidity conditions used in the test. The test was
performed in two relative humidities instead of five required by the standard. This was done due to the
limited resources available for a long measurement. The chosen humidities were within the high end of
the moisture equilibrium curve. This is the interesting range in many practical situations, especially
drying of structures and evaluating the durability of concrete at sub-zero temperatures.

The third exception was the criterion for moisture equilibrium. The criterion of the standard is 0.1 %
weight change per one day. This is too lax for cementitious materials. Therefore, the balancing of
specimen weight was evaluated by monitoring the weight change until there was no trend of weight
change. In practise, this meant weight changes smaller than 0.001 % per day.

2.2.2. Measurements on the capillary range. The pressure plate method was used to measure moisture
equilibrium values at the capillary range. The principle, equipment and procedure of the method are
described in standard ASTM C1699-09 [15]. The idea of the method is to get water out of a saturated
specimen by pressure. The specimen is placed atop a porous ceramic plate equipped by a water outlet.
This assembly is situated to a pressure vessel and topside of the specimen is exposed to pressure. Hence,
pressure causes water excess via the porous ceramic plate. The amount of water pressed out of the
specimen is proportional to the pressure prevailing inside the pressure vessel. The principle of the
pressure plate is described in Figure 2.
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Measurements were done in two phases, the first phase including the saturation of specimens and the
second phase including pressure plate treatment. The saturation of specimens was done in a vacuum
chamber. Specimens were evacuated for 24 hours to remove all air from pores. Distilled water was then
led to the vacuum chamber until the specimens were fully submerged. After the treatment, the pores of
specimens were totally filled with water. Hence, specimens had reached the maximum moisture content.
Because there was no air in pores, the suction pressure was equal to zero.
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In the second phase, specimens were placed in the pressure plate apparatus as described before. The
test was begun by exposing a specimen to the lowest pressure set point which was included in the test
program. Five pressure set points ranging from 0.316 kPa to 100 kPa were used. Theoretically, these
pressures represent 99.98 % and 92.93 % pore air relative humidities. The correlation between pressure
and pore air RH enables both determining the moisture equilibrium at extremely high RH levels and
comparing results with those achieved by climate chamber measurements. Moisture content of the test
specimen was measured by weighing the samples between pressure set point changes.

At 100 kPa pressure, the ceramic plate was replaced with a cellulose membrane. Kaolin paste shown
in Figure 2, intended to ensure contact between the test specimen and the ceramic plate, was found
unnecessary due to the even surfaces of the test specimens. Omitting kaolin paste also speeded up the
tests because the drying of the paste increased the water amount which had to be removed from the
pressure vessel.

According to the standards, the moisture equilibrium is achieved when the water outflow is less than
a limit value during a certain period (according to ASTM ASTM C1699-09, less than 0,05 millilitres in
48 hours [15]). However, with the test pressures of 100 kPa, the water outflow after a few days was
minimal and the determination of the moisture equilibrium by the water outflow was extremely difficult.
Therefore, achieving the equilibrium was controlled by capacitance measurement. This was done by
attaching two stainless pins to a test specimen 20 mm apart from each other. The pins were wired to
Agilent U1701A capacitance meter. The equilibrium was reached when several consecutive capacitance
readings were equal within measurement accuracy range.

3. Results

3.1. Measurement duration

Measurements done in climate chambers proved to be very time-consuming. This was expected due to
previous studies [7,8,16] as well as experience gained with moisture problems in real buildings. Average
times needed to achieve the moisture equilibrium in a climate chamber was over one year. Tests within
high relative humidities were prioritized because of reasons described in Chapter 1. Desorption values
at 94 % and 85 % RH could be measured reliably during the study.

Because test specimens used in pressure plate tests were thicker than optimal, the tests took a long
time. A typical test duration was approx. 1.5 months. Test duration was mainly determined by
capacitance measurements. This method worked especially well at 100 kPa pressure where the
measurement results were very coherent. With lower pressures, the readings were considered as
indicative, but the trend was clear. Capacitance readings changed even several weeks after the last
successful measurements of the water outflow. All the tests would probably have finished too early, if
only the water outflow was used as the criterion of moisture equilibrium. Figure 3 demonstrates the
change of capacitance values during a test at 100 kPa.
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3.2. Desorption values
Results of desorption measurements are presented in Table 2.

Table 2. Results of desorption measurements. Measurement types: PP = pressure plate, CC = climate

chamber.
Measurement type Pressure at pressure Relative Equilibrium moisture content
plate measurement  humidity [%0] [kg/m?]
[kPa]
L P
PP 0,316 99,98 161,0 139,2
PP 3,16 99,77 148,1 131,3
PP 10 99,27 138,6 128,8
CcC 94 95,0 101,1
PP 100 92,93 - 91,1
CcC 85 91,0 98,4

There is some discrepancy between desorption measurements done in climate chambers and by
pressure plate. With slab P, climate chamber measurements gave rather high values compared with those
measured by a pressure plate. Compared to slab L, the pressure plate results were lower and climate
chamber results were higher. This underlines the need to improve measurement accuracy.

The results of slab L are coherent. The values measured in climate chamber at 85 and 94 % RH are
quite near each other, as in the studies of Baroghel-Bouny [7], Espinosa and Franke [17] and Olsson et
al. [8]. In these studies, a modest change of desorption values within RH range between approx. 60 and
90...95 % was detected with high strength concretes. Hence, there is no reason to suspect the results of
slab L.

4. Discussion

4.1. Test results
Results of slab L agree with those of earlier studies [7] [18]. This implies that the results of slab L can
be used for calculation and modelling purposes.

However, the differences between slabs L and P indicate that there is considerable scatter in
hygrothermal properties of “identical” hollow core slabs made by different factories. This must be taken
into account when using the results for calculations and simulations. This is especially critical when
evaluating drying time of built-in moisture or water from some kind of leak. Naturally it is better to use
parameters measured from a real hollow core slab than the properties of a “generic” concrete. However,
the drying of any real structure must always be ensured by measurements on site.

4.2. Test methods
The measurements were very time-consuming, as was expected. The use of multiple test series
simultaneously speeded up the research greatly. Still, test procedures took several months to perform.
The drying of test samples can also take a long time, depending on the method used. The drying is a
problematic issue overall. It is necessary for finding out the dry densities of specimens, which is needed
to calculate absolute moisture content of a particular specimen. However, some drying methods can
damage the pore structure of cementitious materials. This must always be considered when planning a
study.

Although the measurement arrangement of a climate chamber is very simple (see Figure 1), it has
some pitfalls [19]. A rapid decrease of climate chamber temperature will cause a sudden increase of
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chamber’s RH. This is dangerous when the desired RH of a climate chamber is very high, to say over
90 %, because it can lead to condensation. If this happens on the surfaces of a concrete specimen, the
moisture will be absorbed to the specimen by capillary forces. In other words, the moisture balance of a
specimen does not depend on hygroscopic moisture only. The drying of capillary moisture takes a long
time while there prevails high RH in the climate chamber. This is a possible explanation for the
discrepancy between desorption measurements in the climate chamber and by the pressure plate. RH
conditions inside the climate chamber were disturbed during the occasional cooling of laboratory air as
described in the Test methods section. Although the air circulation speeds up the drying of capillary
moisture in “dry” atmosphere, it has only limited effect while RH inside the climate chamber is as high
as in this study.

Other problems include a decrease of climate chamber RH when test specimens are taken out of the
chamber for weighing. Even the drying of salt solution is possible if the chamber is not airtight.

In pressure plate measurements with 100 kPa pressure, a capacitance curve proved to be better
indicator for moisture equilibrium than the water outlet. This was due to a long test period and a very
small amount of water moving off the specimen after the first days.

Despite all difficulties described above, valuable results can be achieved by equilibrium moisture
measurements done in a climate chamber and by pressure plate. Results represent the most critical RH
range considering practical applications, especially drying of structures. However, achieving reliable
and useful results require an extreme care in all stages of the measurement procedure as well as proper
knowledge of hygrothermal behaviour of materials to be tested. In future research, one should consider
replacing climate chamber tests by a dynamic vapour sorption (DVS) instrument. These instruments
enable quick measurements although the measurement time is a critical factor in relative humidities
above 75...85 % [20] [21]. The method has been successfully adapted to the measurement of
cementitious materials with sand as aggregate [8] [21] as well as autoclaved aerated concrete (AAC)
[20]. DVS method requires small sample size. This should be no insurmountable problem because of
the negligible role of aggregate in vapour sorption tests [7]. This enables the use of thin specimens.
Comparison between all the methods mentioned in this paper - climate chamber, pressure plate and DVS
— should be done with concrete samples. One interesting question is the optimal RH range of a particular
method when measuring concrete samples. It should be found out whether the measurement ranges of
DVS and pressure plate methods overlap or not.

5. Conclusions
Although hollow core slabs are highly sophisticated products manufactured under strict quality control
procedures, hygrothermal properties of two slabs may vary considerably. This reflects the nature of
concrete which includes possibility of deviation between different batches. The manufacturing processes
of different factories cause variations to the properties of hardened concrete, too. More measurements
are needed to find out the magnitude of differences between various manufacturers as well as deviation
within a single production line. For most applications, the results of slab L provide a suitable estimate.
The difference between equilibrium moisture contents at 100 % and 85 % RH is 70 kg/m>. This
represents the amount of moisture which should be dried out of the wet structure to prevent mould
growth and, for example, allow the installation of the most typical floor coverings.

The present measurement methods of a moisture equilibrium curve are laborious and include many
sources of error. However, reliable and comprehensive data is needed especially for simulations.
Therefore, the development of measurement methods is extremely important.
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