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 A B S T R A C T

In January 2025, the research paper ‘‘Quantification of moisture content in earth block masonry under 
natural climatic conditions’’ was published in Construction and Building Materials. The central theme was 
the moisture monitoring of a masonry wall made of unstabilised earth blocks over a period of around 18 
months. The experimental results were compared to WUFI simulations, and the moisture transport in layered 
wall constructions was eventually studied in WUFI. Prof. Janssen discussed this publication in Construction 
and Building Materials. He raised concerns about the experiments and modelling of moisture transport. In 
this closure, the capillary adsorption coefficient was recalculated, and deviations from the initial value were 
quantified. Sensitivity analyses were conducted in WUFI to evaluate the influence of different water vapour 
resistances and water adsorption coefficients. The resulting moisture transport was then compared to material 
moisture profiles measured using 1H NMR relaxometry. Finally, the water adsorption behaviour of different 
earth materials is discussed in respect to material moisture and corresponding relative humidity.
1. Introduction

At the Bundesanstalt für Materialforschung und -prüfung (BAM) in 
Berlin, Germany, a masonry wall made of unstabilised earth was built 
and positioned outdoors. Six arrays, each comprising nine humidity 
sensors, were embedded into the masonry to monitor moisture levels 
under natural climate conditions. The monitoring was conducted for 
around 18 months. Furthermore, several experiments were conducted 
in laboratory, including1H nuclear magnetic resonance (NMR) relax-
ometry, capillary water absorption, and adsorption and desorption in 
desiccators, as well as porosimetry measurements. The central theme of 
these experimental studies was the moisture transport. The long-term 
moisture monitoring of the earth block masonry produced consistent 
and high-quality data from the embedded sensors. The agreement with 
ambient climate data is convincing. This experimental study is unique 
and the long-term monitoring very valuable to the community.

The good experimental data enabled a comparison with hygrother-
mal simulations in ‘‘Wärme Und Feuchte Instationär®’’ (WUFI). This 
included a discussion of the modified water absorption coefficient 
𝐴𝑤,𝑚𝑜𝑑 and its influence on capillary water absorption. Finally, a four-
layer wall construction consisting of a coating, insulation, load-bearing 
earth blocks, and earth plaster was analysed in WUFI. For the case 
study, it was predicted that 90 % of the earth masonry cross-section 
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remained below the permissible equilibrium moisture content accord-
ing to DIN 18940 [1]. This case study demonstrates the practical 
feasibility of earth masonry. This was all published in January 2025 
in ‘‘Quantification of moisture content in earth block masonry under 
natural climatic conditions’’ in Construction and Building Materials [2].

In February 2025, Prof. Janssen contacted us regarding the publica-
tion. This was followed by several long email discussions and two video 
meetings. We are grateful for Prof. Janssen’s valuable input and his 
efforts to re-evaluate some of the presented data. It was a very fruitful 
and constructive debate.

Prof. Janssen shared his concerns in Construction and Building 
Materials. In this closure, we attempted to address the four main 
points of Prof. Janssen’s criticism. Firstly, the original water adsorption 
coefficient 𝐴𝑤 was calculated at each time step and then averaged. This 
resulted in a systematic bias. These values have now been corrected. 
Secondly, water vapour diffusion resistances at different moisture con-
ditions are discussed. Thirdly, WUFI simulations were performed on 
3DF and NF earth blocks with different water vapour diffusion resis-
tances 𝜇 and water adsorption coefficients 𝐴𝑤. The original and the 
new moisture profiles were then compared to1H NMR relaxometry mea-
surements. This sensitivity analysis should provide further insight into 
how these input parameters influence the predicted moisture transfer. 
Fourthly, the original and partly misleading statement regarding water 
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adsorption is discussed in more detail, especially the difference between 
material moisture content and corresponding relative humidity as a 
measure of equilibrium. The raised discussion of Prof. Janssen and 
our closure hopefully help readers to better understand this complex 
topic at the intersection of fluid dynamics, structural engineering, and 
building physics.

2. Arguments

2.1. Calculation of the capillary absorption coefficient

The water absorption coefficients 𝐴𝑤 of the 3DF and NF blocks 
were calculated at each time step and then averaged. However, this 
method introduces a systematic error by assigning disproportionately 
high weight to the initial values obtained during the short early time 
intervals (1–10 min). The mass changes during these early intervals 
are smaller and do not adequately represent the full absorption be-
haviour over time. This is because the initial values derived from the 
shorter time intervals (1–10 min) are disproportionately emphasised 
compared to the longer intervals used later in the measurement pro-
cess. The later stages of the process involve significantly larger mass 
increases. Applying this procedure reduces the discrepancy between the 
standard coefficient 𝐴𝑤, EN ISO  15148 [3], and the modified coeffi-
cient 𝐴𝑤,𝑚𝑜𝑑 , yielding modified water absorption coefficients 𝐴𝑤, 𝑚𝑜𝑑
of 1.7 kg/m2h0.5 for the 3DF blocks and 4.6 kg/m2h0.5 for the NF 
blocks. Including all available measurement points up to 144 h leads 
to a modified water absorption coefficient 𝐴𝑤,𝑚𝑜𝑑 of 1,5 kg/m2h0.5 for 
the 3DF blocks.

However, the goal was not to replace the widely accepted one-
tangent approach with the contested fix-time method, but rather to 
account for the influence of the swelling and shrinking processes of 
unstabilised earthen materials.

2.2. Wet cup and dry cup comparison

It is not possible to perform a general transformation from dry 
cup tests to wet cup tests as the results are very material dependent. 
A table showing the water vapour diffusion resistances 𝜇𝑑𝑟𝑦 and 𝜇𝑤𝑒𝑡
for different building materials can be found on page 52 of [4]. For 
solid brick and cellular concrete, both values vary by less than 20 %. 
Conversely, Saaler and Worzeldorfer sandstones show variations by a 
factor of two. These numbers indicate that the material or its pore net-
work significantly influences 𝜇𝑑𝑟𝑦 and 𝜇𝑤𝑒𝑡. Additionally, 𝜇𝑤𝑒𝑡 could be 
influenced by material swelling [4]. This observation further confirms 
the high influence of the pore network on 𝜇𝑤𝑒𝑡.

For the earth blocks discussed in [2], Prof. Janssen calculated a 
variation factor of 2 between 𝜇𝑑𝑟𝑦 and 𝜇𝑤𝑒𝑡. We do not consider this 
variation, which is comparable to that observed in other materials, 
as a doubt on the validity of the calibration of the water diffusivity 
via the capillary absorption coefficient. However, we cannot currently 
explain this variation. This would require a detailed comparison of the 
pore volume distributions, moisture storage capacity, and the sorption 
isotherms. While this would be very interesting research, it is beyond 
of the scope of our publication [2].

Nevertheless, we would like to share some general thoughts on 
this aspect. In the range of 0 % RH to 50 % RH, dry cup tests of 
building materials can largely be considered as dominated by purely 
diffusive moisture transport. Therefore, moisture transport is domi-
nated by water vapour diffusion. Conversely, hydraulic conductivity, 
often referred to as permeability in building physics, is negligible as 
the viscosity is too high in the thin adsorbed water layer [5]. In this 
case, the kinematics are generated by ‘‘chaotic’’ Brownian motion, with 
the driving potential being solely the gradient of the humidity. Both 
together generate an overall net flux, although individual water vapour 
molecules still follow a random path.
2 
In the case of wet cup tests up to 80 % RH, 90 % RH or even 
95 % RH, the physics of fluid motion in porous materials change 
fundamentally [6]. At such high humidity levels, the adsorbed water 
layer thickens significantly and viscosity decreases. This enables mois-
ture transport in the liquid phase along the adsorbed water layer and 
the driving potential is the water potential or matrix potential. This 
would result in a directional flow of all water molecules. Furthermore, 
small pores may become already completely saturated. This enables 
capillary flow. Assuming cylindrical pores, the velocity profile and the 
volume flow can be calculated by Hagen–Poiseuille flow. In this case, 
the flow rate depends on the radius to the fourth power. This clearly 
demonstrates the high dependency of liquid water transport on the pore 
network. Conversely, the increased adsorbed water layer reduces the 
available space for water vapour diffusion [7]. Although diffusion may 
still occur, its contribution to the overall moisture transport becomes 
negligible. Moisture transport is therefore dominated by directional 
flow in the liquid phase within the adsorbed water layer in partially 
saturated pores, or by capillary suction in fully saturated pores.

The physical principles change drastically from diffusion in ‘‘dry’’ 
conditions to hydraulic conductivity, i.e. permeability, in ‘‘wet’’ condi-
tions. This is probably the reason why there is often only a poor cor-
relation between these two transport parameters. As the flow physics 
change entirely, a material-dependent variation between 𝜇𝑑𝑟𝑦 and 𝜇𝑤𝑒𝑡
is reasonable in the eyes of the authors.

2.3. Measurements based on EN ISO 12572

While it is true that the measurements conducted do not fully 
comply with the EN ISO 12752 standard, it is important to note that 
the present study focuses on hand-moulded and extruded earth blocks 
rather than compressed earth blocks, as cited in [8]. Consequently, di-
rect comparison of the resulting values is only partially applicable due 
to the differences in production methods and material characteristics.

As Prof. Janssen noted, the effects of the excessively small exposed 
areas and a lack of stable transmission flow cannot be reliably assessed. 
However, an excessively large distance between the sample surface 
and the cup solution may promote convective flow within the cup [9], 
thereby reducing the surface resistance and consequently leading to an 
underestimation of the resulting 𝜇-value.

A sensitivity analysis was conducted for the corresponding WUFI 
simulations to evaluate the influence of elevated 𝜇-values and to incor-
porate the corrected water absorption coefficients.

For the extruded 3DF blocks, the water absorption coefficient was 
set to 1.7 kg/m2h0.5 instead of 2.3 kg/m2h0.5 and the 𝜇-values were 
varied between 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡 = 9,3/3,1 (original values), 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡 = 10/5 
(standardised values for earthen materials according to DIN 4108-
4 [10]) and 𝜇𝑑𝑟𝑦 = 15 (the upper limit chosen).

As it can be seen in Fig.  1, a reduction in the water absorption 
coefficient, and therewith of the liquid transport coefficient, leads to 
an underestimation of the measured moisture content over the course 
of the measurements. An increase in the water vapour resistance also 
contributes to this underestimation. However, based on the measured 
𝜇𝑑𝑟𝑦-value the difference to the original approach is rather small. Both 
approaches lead to a maximum underestimation of the moisture content 
of 0.2 weight percent.

The simulation via 𝜇-values in Fig.  2 shows only slight differences 
between the two variations, as neither differs greatly from the other. 
However, both approaches show a good agreement with the NMR 
measurements. In the early stage (day 2 and 15) the original values 
𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡 = 9,3/3,1 show better agreement. Later on (day 65 and 135), 
the values according to DIN 4108-4 [10] 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡  =  10/5 correlate 
better. Therefore, although the water permeability measurements do 
not entirely comply with EN ISO 12572 [11], they seem to deliver valid 
values.

In the case of the NF blocks, the corrected water absorption coeffi-
cient is 𝐴  = 4.6 𝑘𝑔∕𝑚2ℎ0.5, which corresponds to the adjusted value 
𝑤
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Fig. 1. Comparison of 3DF moisture profiles using corrected liquid transport coefficients and various 𝜇-values with the original liquid transport coefficient and NMR measurements.
Fig. 2. Comparison of 3DF moisture profiles using various 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡 - values with NMR measurements.
of the originally modified water absorption coefficient. Therefore, only 
the 𝜇-values were varied, by comparing the experimentally determined 
𝜇𝑑𝑟𝑦 = 5.5 with the value specified in DIN 4108-4 [10], which is 
𝜇𝑑𝑟𝑦 = 10.

As shown in Fig.  3 for the simulations employing the liquid trans-
port coefficient derived from the water absorption coefficient, the 
experimentally determined 𝜇𝑑𝑟𝑦 = 5.5 yields better agreement than 
the value of 𝜇𝑑𝑟𝑦 = 10, as specified in DIN 4108-4 [10]. In contrast, 
as shown in Fig.  4, the simulations considering only water vapour 
resistance demonstrate that the 𝜇-values according to DIN 4108-4 [10] 
exhibit significantly better agreement with the NMR measurements 
than the experimentally determined values. These correlations suggest 
that the experimentally determined 𝜇-values of the NF blocks in the 
wet range may indeed overestimate the water vapour permeability.
3 
2.4. Comparison of moisture transfer in 3DF and NF

In [2], we wrote ‘‘Moisture transport is much faster in the NF samples 
than in the 3DF cylinders’’. The fruitful discussion with Professor Janssen 
showed us, that this statement could be misleading and requires further 
explanation and specification.

In the hygroscopic range, the driving potential for moisture transfer 
is the difference in the water vapour partial pressure. For simplification 
purpose, this partial pressure is often expressed as humidity. In order to 
reach steady state conditions, this pressure difference must be equalised 
in homogeneous materials or layered structures. Therefore, the material 
moisture content in wt.-% is a poor indicator of whether a system has 
already reached steady state conditions. The material moisture is a 
highly nonlinear function with respect to the humidity, i.e. the driving 
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Fig. 3. Comparison of NF moisture profiles using the corrected/original liquid transport coefficient and various 𝜇-values with the NMR measurements.
Fig. 4. Comparison of NF moisture profiles using various 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡 - values with the NMR measurements.
potential. This nonlinear function is precisely the sorption isotherm. 
Therefore, when evaluating how quickly a porous, hydrophilic material 
tends towards steady state conditions, one should consider only the 
evolution of the humidity gradient.

Figure 5 in [2] shows that the 3DF sample was 155 mm long and 
the NF sample was 95 mm long. The end surfaces of all the cylindrical 
specimens were open to allow adsorption, while the lateral surfaces 
were sealed. Both specimens were preconditioned in a climate chamber 
at a humidity of around ℎ = 50 % RH. Then, both samples were stored 
in a desiccator at 90 % RH and physisorption began. This leads to an 
increase in material moisture as well as humidity.

After two days, the material moisture close to the surface of the 
3DF sample increases by 0.9 wt.-%, whereas the moisture of the NF 
sample increases just by 0.7 wt.-%. A similar trend is visible after 
15 days, the 3DF sample increases moisture by 1.7 wt.-%, whereas 
the NF sample increases by only 1.2 wt.-%. Therefore, 3DF adsorbed 
4 
more water than NF did in the same time duration. Based on this 
criterion, one could argue that the moisture transport is faster in 3DF 
than in NF. Conversely, the total amount of water adsorbed by the 
sample can be determined by calculating the integral of the material 
moisture after 2 or 15 days compared to the baseline on day zero. 
Based on this criterion, one could argue that the moisture transfer is 
similar in 3DF and NF. However, a more important question is whether 
material moisture is an effective parameter for quantifying transport 
processes and the time required to reach an equilibrium. Probably not, 
since the driving potential here is the humidity. Therefore, one would 
have to consider the remaining humidity gradients, or compare the 
two sorption isotherms of 3DF and NF directly. The latter approach 
is simply the nonlinear transformation of the humidity into material 
moisture.
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Nevertheless, we assessed the humidity to determine whether equi-
librium had been reached. Based on this criterion, the humidity in-
creased up to a depth of 35 mm in the NF sample after two days. In the 
case of the 3DF sample, an increase in humidity was only detectable 
up to a depth of 20 mm after two days. A similar trend is visible at 
a depth of 47.5 mm after 15 days. At this depth, the NF sample had 
already reached 80 % RH whereas the 3DF sample had only reached 
65 % RH. After 31 days at 47.5 mm depth, the NF sample had reached a 
humidity of around 86 % RH which is already close to the equilibrium 
moisture content of 90 % RH. In contrast, the 3DF sample only reached 
80 % RH at a depth of 47.5 mm after 65 days. Based on this criterion, it 
is evident that NF reaches the equilibrium moisture content of 90 % RH 
faster compared to 3DF at a depth of 47.5 mm.

The total length was 155 mm for the 3DF sample and 95 mm for 
the NF sample. The adsorption of water vapour in the hygroscopic 
range satisfies a diffusion equation. Therefore, a longer sample always 
takes more time to reach equilibrium. Consequently, values can only 
be compared at similar depths. Nevertheless, the question remains 
whether the longer sample length of 155 mm has an influence. Figure 
5 in [2] shows only the left half of the sample. As the samples are 
open at both ends, symmetry is assumed. This results in two competing 
influences for the longer sample at a depth of 47.5 mm. Firstly, the 
water vapour that reaches this depth is only adsorbed partly, as a 
significant proportion is transported to greater depths. This would 
increase the time taken to reach equilibrium at 47.5 mm. As 3DF shows 
a higher moisture content in wt.-% compared to NF at every given 
humidity, its moisture capacity is higher. On the other hand, the region 
between 47.5 mm and 77.5 mm always exhibits lower humidity values. 
This increases the water vapour gradient, promoting vapour transport 
and accelerating the adsorption process at 47.5 mm. It is difficult to 
determine which of the two competing influences is dominant. To the 
author’s best knowledge, there is no general answer. Physisorption is 
always influenced by the moisture capacity and the transport, both of 
which depend highly on the material and the pore network [12].

To exclude the sample length, the physisorption process is consid-
ered at an early stage again. After two days, neither humidity profile 
is influenced by the total sample length, as only the first 35 mm show 
changes. In the NF sample, the humidity gradient is almost constant 
within the first 15 mm, with significant changes occurring within in 
the first 35 mm. Both indicate that the NF sample possesses high 
ability to transport water vapour to greater depth. Conversely, the 3DF 
sample shows a faster decrease in the humidity gradient, comparable 
to an exponential function. Furthermore, only the first 20 mm show 
significant changes. This indicates that moisture transfer to greater 
depths is delayed in the case of 3DF. Based on these two critera, 
i.e. humidity gradient and penetration depth, physisorption seems to 
occur faster at greater depths in NF.

In conclusion, we would like to modify our statement to the follow-
ing for greater accuracy: ‘‘Reaching the equilibrium moisture content 
is faster in the NF samples than in the 3DF cylinders’’.

Finally, we would like to add that the main reason for publica-
tion [2] was the evaluation and prediction of the compressive strength 
and the load-bearing capacity of earth block masonry in relation to 
humidity [13]. Therefore, the total amount of adsorbed water was 
of minor interest, as this depends highly on the underlying sorption 
isotherm. Much higher interest lies in the evolution of the humidity and 
the duration required to reach an equilibrium moisture content, which 
is determined by the complete balancing of all humidity gradients. In 
practical terms, the compressive strength depends on the corresponding 
relative humidity.

3. Conclusion

The experiments, which included long-term moisture monitoring of 
earth block masonry over a period of 18 months, provide a unique 
and valuable dataset for the validation and comparison of numerical 
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models. Complementary WUFI simulations were performed to predict 
moisture transfer in both individual earth blocks and complete wall 
assemblies. As highlighted by Prof. Janssen’s recalculation, a processing 
bias was identified, leading to the adjustment of water absorption 
coefficients 𝐴𝑤. These revised values were adopted, and the simulations 
were repeated to assess the sensitivity of the results to this correction. 
As shown in Section 2.3, the influence of the corrected 𝐴𝑤 - values is 
comparatively minor for both types of blocks investigated. However, 
the sensitivity analysis of the NF blocks underscored the significant 
impact of the water vapour diffusion resistance on moisture transport. 
The simulation based on 𝜇𝑑𝑟𝑦∕𝜇𝑤𝑒𝑡  =  10/5 yielded a substantially 
improved approximation compared to simulations using experimentally 
determined values. This finding suggests a possible underestimation of 
water vapour resistance in the original measurements. Consequently, 
further experimental investigations are planned to obtain more reli-
able 𝜇 - values particularly for hand-moulded and extruded blocks. It 
is plausible that the specific manufacturing techniques and material 
compositions lead to deviations in water vapour permeability from 
those commonly reported for compressed earth blocks (CEBs). Cru-
cially, the primary objective of this study is the accurate estimation 
of moisture content within earth block masonry, as it directly governs 
the material’s compressive strength and, by extension, its load-bearing 
capacity. Both modelling approaches –employing corrected 𝐴𝑤-values 
together with experimentally determined 𝜇𝑑𝑟𝑦-values and alternatively 
applying an adjusted water vapour resistance ratio– enable a realistic 
approximation of maximum moisture content under natural climatic 
exposure. While some sensitivity to specific hygric input parameters 
was observed, particularly regarding water vapour diffusion resistance, 
the impact of these variations on the overall moisture content of the 
masonry remains comparatively minor. This suggests that, within a rea-
sonable range of parameter uncertainty, the resulting moisture levels 
are robust and can be estimated with sufficient accuracy for practical 
structural assessments. The decisive factor remains the accurate estima-
tion of in-situ moisture content of earth block masonry under natural 
climate conditions and in the respective application situation. This is 
because the load-bearing capacity of earth masonry is governed first 
and foremost by its moisture state. Therefore, the ability to realistically 
determine this moisture content –through validated simulation models– 
is the key outcome and central contribution of this study.

Although we tried to address all concerns of Prof. Janssen, the 
authors of this closure believe that some points of view cannot yet 
be answered comprehensively. Moisture transfer in porous media is a 
very complex topic, and the interaction between water vapour diffusion 
and hydraulic conductivity, i.e. permeability, is not fully understood. 
We hope that this discussion will help researchers to better understand 
moisture transfer in porous media.
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