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Abstract. The majority of the building-stock from before 1900 has been erected 
with natural hydraulic lime-based mortars in massive masonry. Due to the low 
modulus of elasticity of lime-based mortars there has never been a need for dilation 
joints in old masonry structures. Changes in shape as a result of expansion and 
contraction, due to hot/cold cycles, could be “followed” by these masonry structures 
without damage. Moreover, lime-based mortars have a high vapour transmission 
rate, beneficial to the breathing capacity of monolithic historic masonry. These two 
most important characteristics have been taken into account when selecting natural 
hydraulic lime as binder for a Cultural Heritage compatible insulation plaster which 
was developed within the EU-Project EFFESUS (www.effesus.eu). The developed 
plaster was tested successfully in a so-called EOTA-wall test according to ETAG 
004 [1]. Additional to the normal temperature and humidity monitoring within the 
test chamber, plaster and supporting wall were equipped with impedance sensors 
and other sensors to monitor material moisture behaviour. The results show moisture 
uptake and drying during the different test phases. Differences occurred depending 
on the material of the supporting wall.  

1 Introduction  

The member states of European Union have committed themselves to saving 20 percent of 
their primary energy consumption by 2020 and thus reduce CO2 emissions. Accordingly, a 
main focus of Europe’s effort is to increase the energy efficiency of buildings. Historic 
buildings and districts have so far received little attention. The EFFESUS project is 
therefore to investigate all energy related aspects relevant to historic buildings and urban 
districts. The project considers both the energy efficiency of individual buildings, building 
ensembles and districts, as well as energy generation from renewable sources within 
historic urban districts. The concept behind the EFFESUS is to reduce the environmental 
impact of Europe’s valuable urban heritage by making significant improvements to its 
energy efficiency and thereby improving its sustainability while conserving and even 
promoting the architectural, cultural, historic and urban values of Europe’s historic cities. 
The overall objective of EFFESUS is to develop and demonstrate, through seven case 
studies, a methodology and criteria for selecting and prioritising energy efficiency 
interventions, based on existing and new, cost-effective technologies and systems 
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compatible with heritage values, to achieve significant lifecycle energy efficiency 
improvements in the retrofitting of historic districts. [2] 

EFFESUS developed and implemented new and adapted technologies and systems 
which are cost-effective and technically and visually suitable for use in historic buildings 
and urban districts. One of these technologies was a thermal insulating mortars based on 
natural hydraulic lime as binder developed by BOFIMEX Bouwstoffen BV from 
Netherland. The advantage of natural hydraulic lime-based mortars is on the one hand due 
to the low modulus of elasticity, there is no need for dilation joints and the normal 
expansion and contraction due to climate exposure could be followed, and on the other 
hand the high vapour transmission rate, beneficial to the breathing capacity of monolithic 
historic masonry. The so called ISOCAL mortar contains as insulation agent around 80% of 
expanded polystyrene (EPS). Several tests according to EN 998-1 [3] were performed to 
assess the mechanical, hygric and thermal properties of the plaster. Within this paper we 
concentrate on a large scale laboratory test (EOTA-wall test) according to ETAG 004 [1] to 
assess the durability and performance of the plaster system on different substrates. This 
large scale test is normally dedicated to test “External Thermal Insulation Composite 
Systems (ETICS) with Rendering” [1]; it is not foreseen for insulation plasters or renders 
but it provides a good accelerated test for durability due to the harsh conditions.  

Additional to the normal temperature and humidity monitoring within the test 
chamber [1], plaster and supporting wall were equipped with impedance sensors and other 
sensors to monitor material moisture behaviour. The aim was to get an insight in water 
uptake and moisture dynamics due to the rain and frost cycles. 

2 Experimental 

2.1 Wall construction 

The test chamber consists of two walls 2.1 x 4.0 m2 with the plaster system facing together. 
One wall was built one half with lime stone and one half with brick masonry. The second 
wall was built of timber frame filled with brick masonry. A sketch is shown in Fig. 1. The 
ISOCAL insulation mortar system was applied in 4 layers.  Thin adhesion layer to guarantee the contact between the substrate and the insulation 

mortar. One night Curing.  ISOCAL insulation mortar in a thickness of around 3 cm. One day curing.  Finish render with glass fibre mesh as reinforcement. Curing of the system for around 
90 days.  Impregnation coating one week before test start. 

Fig. 2 shows the masonry wall during the test. 

2.2 Weathering cycles 

The two test walls in the chamber were exposed to the following weathering cycles 
according to paragraph 5.1.3.2.1 ETAG 004 [1]: 

Heat - rain cycles: 
The rig was subjected to a series of 80 cycles, comprising the following phases: 
1) Heating to 70°C (rise for 1 hour) and maintaining at (70 ± 5)°C and 10 to 30% RH for 2 

hours (total of 3 hours), 
2) Spraying for 1 hour (water temperature (+ 15 ± 5)°C, amount of water 1 l/m² min), 
3) Leave for 2 hours (drainage). 
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During Christmas leave the cycles were interrupted. The rig was left at room temperature 
(22 to 20°C) with closed doors. 

Heat-cold cycles: 
After a weekend (68 hours) of subsequent conditioning at temperatures of around 21°C and 
a minimum relative humidity of 50 %, the same test rig was exposed to 5 heat/cold cycles 
of 24 hours comprising the following phases: 
1) Exposure to (50 ± 5)°C (rise for 1 hour) and maximum 30% RH for 7 hours (total of 8 

hours), 
2) Exposure to (- 20 ± 5)°C (fall for 2 hours) for 14 hours (total of 16 hours). 

During the test a visual inspection according to ETAG004 [1] was performed. 
Temperature and relative humidity at different positions within the test cabinet were 
recorded (see Fig. 2). After further 7 days of drying adhesive bond strength and impact 
resistance were tested, this is not subject of this paper due to the destructive methods.  

 
Fig. 1. Sketch of the built EOTA test rig. Top: Floor plan of the two walls. Bottom: Sketch of the masonry 
wall. Left: lime stone and right: brick masonry. The two stones marked in red were equipped with sensors. 
The yellow joint mark the side were the sensors are incorporated (left insert). Right insert: View of the two 
sensor nodes during operation. The doted green rectangles show the place of window openings left in the 

insulation mortar. The orange stones give the dimensions of the two materials. 

2.3 Material moisture and temperature monitoring. 

Two stones, one lime stone and one brick, were equipped with different sensors in different 
positions. Impedance sensors, which consist of two probes (screws) surrounded with a 
conducting rubber at a distance of around 1 cm, were incorporated in the stones and joints 
at three depths: 17 mm, 54 mm and 84 mm. Additional one sensor probe was positioned 
around 1 cm within the plaster layer. Parallel to the impedance sensors combined 
temperature and impedance sensors (Sensirion SHT 25) were fixed. The SHT 25 sensors in 
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joint and plaster were covered with a permeable tube as support from joint and the 
insulation mortar. The positioning of the different sensors is shown in Fig. 2 (right). 

  
Fig. 2. Left: View of the masonry walls with the two partitions (front: limestone, back: brick masonry) after a 

raining period in the test cabinet. The spraying valves (ceiling) and the sensors (temperature and relative 
humidity, middle of the wall) are visible. Right: Lime stone equipped with sensors. 

The signals of the sensors were measured with sensor nodes developed by Smartmote [3] 
within the SMooHS project [4]. One sensor node can measure simultaneously 6 channels of 
impedance and 6 channels of temperature and relative humidity. The impedance sensors 
have a frequency range of 10 Hz to 100 kHz and an impedance range of 0 to 10 MΩ. The 
Sensirion SHT 25 sensor has a resolution of ±0.2 K and ±1.8% RH [5]. Two nodes were 
equipped for the two stones. One sensor pair (impedance and SHT 25) at the deepest depth 
(84 mm) was not measured due to the lack of one additional channel. The two nodes sent 
the measured signals wireless to a base station [4] which was connected via a LAN to a 
database. Database with a graphical user interface and sensor network were further 
developed within the CETIEB project [6] by Smartmote [3]. 

3 Results 

3.1 Thermal and hygric behaviour 

The thermal conductivity of the ISOCAL insulation mortar was tested via a guarded hot 
plate device with two plates (EN 12664 [7]). For two plate samples (200 x 200 mm2; 
thickness 30 mm) with a dry density of 305 kg/m3 and 309 kg/m3 the thermal conductivity 
was determined at mean temperature 10 °C to λ = 0.0682 W/(mK). 

Within a bachelor thesis [8] the capillary water uptake of the ISOCAL plaster with 
and without coating was determined according to EN 1015-18 [9] (see Table 1).  

Table 1. Capillary water uptake according to EN 1015-18 [8] 

Capillary water uptake C kg/(m2 min0.5) 
ISOCAL plaster (pure insulation mortar) 0.069 
ISOCAL plaster system coated (samples from EOTA-rig) 0.007 

Temp/ rel Humidity

in plaster, SHT 25

Temp/ rel Humidity in joint

at three depths, SHT 25

Temp/ rel Humidity inside the

stone at three depths, SHT 25

Impedance

sensors in joint

at three depths

Impedance sensor

in the plaster

Impedance sensors

inside the stone at 

three depths
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3.2 Impedance measurements 

Fig. 3 shows the impedance measurements (10 kHz) in the plaster for both types of walls in 
comparison with the temperature. The whole weathering cycle is shown. The graph is an 
example of the graphical interface of the database developed by Smartmote [3, 6]. 

 
Fig. 3. Impedance at 10 kHz in comparison with temperature (red) for the two wall types 

lime stone (green) and brick (blue) masonry. 

The different phases can be identified, heat-rain cycles before and after Christmas pause 
and heat-cold cycles. The temperature ranges between 3 and 40 °C compared to -20 to 
70 °C in the test cabinet which is due to the insulation capacity of the render system. 
During the heat-rain cycles the impedance drops due to water uptake. In Fig. 4 the 
frequency distribution in the first period of Heat-rain cycles sis shown. At the beginning a 
frequency dependence is clear visible, whereas after the water uptake, the curve is nearly 
flat. The impedance behaves more and more ohmic due to the water uptake (compare [10]). 

Fig. 4. Frequency dependence of impedance at the plaster in front of the brick wall. 

The relative humidity measured inside the plaster went within the first cycles up to 100% 
during the heat-rain cycles. Only during the Christmas pause a small part was below 100%. 
In Fig. 5 the impedance is compared with the relative humidity. The impedance is inverted 
and the scales are adjusted in a way that the curves match. The curves follow each other for 
relative humidities below 100%. But the advantage of the impedance is clear shown. There 
is no border visible between the hygroscopic and the over hygroscopic range. Therefore 
material moisture could be followed in all moisture ranges. 
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Fig. 5. Comparison of impedance and relative humidity in the plaster in front of the limestone wall. 

In Fig. 6 all impedance sensors measurements at the brick masonry are shown. The water 
uptake (decrease of impedance) in brick and joints is delayed. The impedance in the bricks 
is always higher as in the plaster. The impedance in the joint at 17 and 54 mm decreases 
below the values in the plaster. Due to material differences the moisture content cannot be 
compared, but it is clear that the joint was wet up to depth of 54 mm. 

 
Fig. 6. Impedance of all sensors at the brick wall. 
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4 Discussion and conclusion 

Impedance measurements are a valuable tool to follow material moisture in all hygroscopic 
ranges. It is a minimal-invasive method and by the use of surface contacts even non-
destructive. At the moment the measurements at the walls are qualitative. But future 
research [8] will try to assess and validate the data. The temperature dependence of 
impedance must be corrected [10] and the moisture content at the same depth as the 
impedance sensors must be evaluated. 
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