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A B S T R A C T   

Almost all building materials in civil engineering have an open porosity and interact with or are affected by the 
environmental conditions. Structures might suffer from effects such as moisture adsorption, carbonation, 
corrosion, penetration of salt ions and chemical substances, etc. In the hygroscopic range, these processes are 
mostly driven by diffusion. Due to the confinement of small pores (less than1 µm), the Knudsen effect reduces the 
molecular diffusion. This reduction can become more significant in case of temporal changing pore systems 
because of physisorption of water vapor, carbonation, or chemisorption. 

In this study, unstabilised earth blocks and earth masonry are investigated. In a first step, the pore size dis-
tribution of the blocks is measured and sorption isotherms are recorded in experiments. Besides the ordinary 
physisorption, the involved clay minerals undergo swelling or shrinking due to chemisorption. The following two 
effects must be considered: first, the reduction of the available pore space by the adsorbed water layer. For this, 
the Hillerborg sorption theory is used, which is a combination of the well-known Brunauer-Emmett-Teller 
sorption theory and the Kelvin equation. This allows the computation of adsorbed water layers even in curved 
pore geometries. Second, the variation of the initial pore size distribution due to chemisorption needs to be 
modelled. Based on these two models, the effective diffusion coefficient can be predicted. For validation, arrays 
of relative humidity sensors were embedded into a free-standing earth masonry wall. This monitoring was 
carried out over more than a year to have a broad variety of environmental conditions and was located in Berlin, 
Germany. 

The prediction of the effective diffusion coefficient can also be transferred to other processes and allows the 
investigation of materials having temporarily changing pore systems. Examples are the carbonation of cemen-
titious materials, alkali silica reaction, calcium leaching of long-lasting structures, etc. These effects are prom-
inent in the meso-pore range and might significantly alter the effective diffusion coefficient.   

1. Motivation 

The utilisation of load-bearing earth masonry can contribute to a 
significant reduction of the environmental impact caused by the build-
ing industry [1,2]. Earthen building materials generate less CO2 than 
hydraulically binding cementitious materials and consume less primary 
energy than fired ceramic materials. The resources, especially the min-
eral aggregates, can be recycled and reused entirely in contrast to con-
crete or masonry rubble, which is used as filling material in road 
construction or other inferior processes. However, the load-bearing ca-
pacity of unstabilised earth masonry depends on its moisture content. If 
the material moisture increases, the mechanical performance decreases, 

which needs to be considered in the structural design [3,4]. Depending 
on whether the material is used as interior or exterior wall with or 
without insulation, the moisture content and its distribution throughout 
the wall’s cross section will be inhomogeneous. In the case of conven-
tional building materials, the moisture distribution and its variation can 
adequately be estimated using common Heat-Air-Moisture (HAM) sim-
ulations that are based on some physical simplifications like assuming 
an inert pore network and neglecting the sorption hysteresis which 
certainly does not apply in case of earthen materials. Especially the clay 
fraction and the content of organic matter cause volumetric changes like 
swelling and shrinking [5,6]. A prediction of the moisture content with 
existing models is questionable. Contrary to hydraulically hardening or 
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fired materials, the moisture content of earthen materials is not only of 
interest in terms of building-physical performance but is a crucial aspect 
of the load-bearing capacity. As a result, the inhomogeneity of the 
moisture distribution needs to be considered in the structural design and 
therefore the moisture transport needs to be estimated adequately. 
Based on experimentally determined pore size distributions and water 
vapour sorption isotherms, the effective diffusion coefficient can be 
predicted employing Hillerborg’s adsorption theory and considering the 
variation of the initial pore size and pore geometry. As the separation of 
chemisorption and physisorption is complex, a validation based on 
moisture monitoring of an earth masonry wall exposed to outdoor 
climate conditions will be a future step. However, a more precise pre-
diction of moisture transport within porous material chemisorption will 
help to characterize and optimize new and more sustainable building 
materials. 

2. Theory 

2.1. Impact of moisture content on the mechanical properties of 
unstabilised earth masonry 

The mechanical properties of unstabilised earth masonry decrease 
with increasing moisture content as shown in Fig. 1. More detailed in-
formation of the impact of the relative humidity (RH) on compressive 
strength and Younǵs modulus of unstabilised earth blocks, mortars and 
masonry can be found in [1 4 7]. According to the evaluation of various 
studies by Brinkmann et al.[8], the reduction in both, compressive 
strength and Young’s modulus, can be linearly correlated with the RH of 
the conditioning climate. Besides a reduction of compressive strength 
and Younǵs modulus, an increase in axial strain at maximum stress can 
be observed. These results, however, are based on homogenously 
distributed moisture contents after storing the specimens in the 
respective climate until equilibrium is reached. Under real climate 
conditions, the moisture will be distributed inhomogeneously inside the 
wall’s cross section. In accordance with Fick’s law, surface-near areas 
will undergo adsorption or desorption much quicker than inner areas. 
Consequently, compressive strength and Younǵs modulus, are varying 
throughout the cross section. An accurate description and determination 
of the inhomogeneities are therefore needed to ensure sufficient struc-
tural reliability without an excessive reduction of the mechanical pa-
rameters used for the structural design. 

2.2. Pore size distribution of unstabilised earth blocks 

Fig. 2 shows the measured pore volume distribution of the same 
earth block material after various pre-conditioning measures. The 
porosity at 23 ◦C and 50 % RH is around 160 mm3g− 1. Vacuum drying at 
40 ◦C increases the porosity by around additional 20 mm3g− 1 and again 

by around 20 mm3g− 1 when drying at 105 ◦C. Nevertheless, the overall 
shape and trend of the three curves remain the same. Based on these 
experiments, a volume increase of specific pore diameters is not indi-
cated. On the contrary, it indicates that the entire pore network is 
affected fairly homogenously and the pore volume distribution is shifted 
by a constant factor. 

This quantification is crucial for further analyses. Taking chemi-
sorption into account as illustrated in Fig. 4, one needs a quantitative 
relation how the pore network evolves due to chemisorption at different 
material moisture levels. If this is reduced to a constant factor for all 
pore diameters, the model complexity would significantly decrease. 

2.3. Experimental sorption isotherm and adsorption theory 

Fig. 3 shows the experimentally determined sorption isotherms of 
extruded and hand-moulded earth blocks. The samples were dried in a 
desiccator at 23 ◦C and 0 % RH. More details of the used devices for 
measuring the sorption isotherms and an overview of the used grain 
fractions are discussed in [1]. 

Besides experimental approaches, the sorption isotherm can also be 
predicted by the sorption theory. Based on the well-known Brunauer- 
Emmett-Teller (BET) sorption theory, multilayer adsorption on flat 
surfaces is modelled [9]. In case of small pore with pore radii in the low 
nanometre range, the variation of the Gibbs free energy due to the 
curvature of the adsorbed water film must be considered. This was done 
by Hillerborg by combining the BET theory with the Kelvin equation 
[10]. This effect is significant especially for meso-pores [11]. Never-
theless, a pore geometry must be assumed within this theoretical 
framework. 

2.4. Reduced molecular diffusion due to the Knudsen effect 

In partially saturated porous media, mass transfer can occur in two 
phases. In the liquid phase the mass balance is summarized by the hy-
draulic conductivity. In the gaseous phase it is expressed by the diffusion 
coefficient. Although we consider physisorption, in this study we focus 
only on the diffusive moisture transfer. One possible expression for 
diffusion in porous media is giving in the following equation [12 13]. 

qv =
ρv,satφD0

ω

∫ rmax

rmin

dV
1 + Nk

div(h) with Nk =
lm

2(r − ta)

Here, qv in kgm-2s− 1 is the water vapour flux, ρv,sat in kgm− 3 is the 
saturated water vapor density, φ is the open porosity, D0 in m2s− 1 is the 
water vapour diffusion coefficient in free atmosphere, and ω describes 
the tortuosity of the pore system. These parameters in front of the in-
tegral describe the molecular diffusion, while the integral accounts for 
the Knudsen effect. If the Knudsen number is Nk≪1, the integral reaches 
its maximum value of 1 and the effective gas diffusion is equal to the 

Fig. 1. Stress–strain relation of RILEM earth masonry specimens made from hand-moulded blocks (left) and extruded blocks (right) at varying RH; averaged curves 
of six specimens per masonry type and per RH. 
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molecular diffusion. If Nk is significantly above zero, the effective gas 
diffusion is reduced by the Knudsen effect. Here, lm in m is the mean free 
path of air and ta in m is the water layer, caused by physisorption. V is 
the normalised pore volume of the radius being considered and h is the 
relative humidity. A detailed discussion how physisorption might reduce 
molecular diffusion can be found in [14]. 

So far a stiff pore network is assumed, which has a constant porosity 
and pore volume distribution. On the contrary, clay minerals are known 

for chemisorption which leads to macroscopic swelling or shrinkage of 
the material (see Fig. 2). If sorption of the interlayer water changes the 
material dimensions, it probably affects the pore network and its 
moisture transport as well [15]. 

The Knudsen effect is visualized in a schematic sketch in Fig. 4. The 
initially pore confinement in dry state already reduces molecular 
diffusion as a molecule (red dot) performs not only collisions with other 
molecules (marked by red crosses), but it also interacts with the pore 

Fig. 2. Cumulative pore size distribution of earth blocks facing varying pre-treatment conditions.  

Fig. 3. Water vapour sorption isotherm of earth blocks at 23 ◦C.  
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wall. If physisorption occurs, the free pore space is further reduced by 
the adsorbed water layer, which makes collisions between the molecule 
and the confinement (in this case the liquid water layer) more likely. The 
same might occur in case of chemisorption. The solid material increases 
its volume by incorporating chemically bound water. This reduces the 
free pore space as well, leading to an increased number of molecule-pore 
wall collisions. If both effects occur simultaneously, even more pore 
space is occupied, and molecular diffusion is reduced further. This 
process can be analogously adapted to other chemisorption reactions 
such as carbonation, delayed ettringite formation, etc. as well as other 
(even inert) gases such as oxygen, carbon dioxide, etc. 

3. Experimental setup 

3.1. Experimental investigation of a free-standing earth masonry wall 

The setup of the moisture monitoring of the earth masonry wall is 
shown in Fig. 5. The wall is exposed to outdoor climate conditions, but 
protected from direct weathering, which of course must be avoided in 
case of unstabilised earth masonry. Three measurement points were 
chosen for the humidity sensors. Each measurement point was equipped 
with two sensor-arrays. The arrays were embedded one from each side 
and adjusted in such a way that both inner sensors of each array are 
located exactly in the centre of the wall’s cross section, whereas the 
outermost sensor is located ~ 12 mm outside the wall (Fig. 5 E). As a 

result, 15 measurement values per measurement point are available. The 
sensor spacing is more tightly close to the surface (distance d = 5 mm) 
and subsequently increases towards the centre (d = 2 – 4 cm). To ensure 
valid measurements, the data of the sensors outside the wall are 
compared to data obtained from the Deutsche Wetterdienst (DWD) 
recorded at BAM and the data obtained by the two sensors in the centre 
of the cross section are compared to each other. Additionally, a dryly 
core-drilled cylindric specimen (d = 40 mm) was extracted and 
measured by means of nuclear magnetic resonance in order to validate 
the measurement values. 

3.2. Embedded sensor arrays 

Fig. 5C and D show the embedded sensor arrays and the corre-
sponding spacing. Five sensors have a separated casing, and four sensors 
are placed together in one casing to enable a tight spacing of 5 mm. In 
the combined casing, every sensor has its own separated chamber to 
avoid internal water vapor transport. Furthermore, every sensor is 
covered by a hydrophobic, porous membrane. This enables water vapor 
exchange between the sensor and the surrounding material whilst pro-
tecting the sensor from direct contact with water or clay during casting. 

The drilled hole in the earth blocks had a diameter of 32 mm. The 
material used for filling the hole was the same as it was used for the 
original blocks. Therefore, the material and moisture transportation 
properties should be very similar and representative for the wall 

Fig. 4. Schematic sketch of molecular and Knudsen diffusion including chemisorption and physisorption.  

Fig. 5. Experimental setup of the moisture monitoring; A: Sheltered location of the experimental setup; B: Installation of a sensor array; C: Sensor array; D: Sketch of 
the measurement points; E: Detailed sketch of the alignment and spacing of the sensors. 
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material. The used relative humidity sensors were HIH-5030. To correct 
for temperature changes, also two PT100 temperature sensors were 
embedded into the wall. After installation, all sensors, expect one, were 
sending reasonable values. Using the same sensors in similar casings 
embedded into concrete are discussed in detail in [16,17]. 

4. Results and discussion 

4.1. Moisture distribution of earth masonry exposed to outdoor climate 
conditions 

Fig. 6 shows the measured maximum and minimum humidity inside 
the wall over almost one year. The highest variations of around 45 % to 
95 % RH can be seen at the wall surface. These values are expected and 
within the range of average relative humidity in Berlin over the last 30 
years with around 85 % RH in winter season and 65 % RH in summer 
season. Furthermore, the surface oriented south towards the sun shows 
slightly lower values. This is caused by a higher material temperature 
due to solar rays which heat up the surface and reduce the relative hu-
midity in the pore network. The higher the distance to the surface, the 
lower the variations. At distances above 10 cm, the total humidity range 
is between 60 % RH and 80 % RH all year. 

For four distinct humidity sensors at different depths, the measured 
humidity over one year is shown. As expected, the highest humidity 
values are recorded during winter season at all positions and the drier 
values in summer season. For the latter phase, one could assume that the 
moisture transport at humidity levels below 70 % RH takes place only in 
gaseous phase [18]. To derive the diffusion coefficient, the mass balance 
needs to be solved, whereas the pore saturation has to be known as well. 
For this, Hillerborg’s adsorption theory is applied to the measured pore 
volume distribution [10]. Within this theoretical approach, a pore ge-
ometry needs to be assumed. 

Different pore geometries possess different pore wall curvatures and 
hence lead to different pore saturations. The computation is presented in 
Fig. 7. In the range between 40 % RH and 90 % RH, a spherical pore 
geometry shows the highest correlation to the measured values. The 
sorption isotherms are comparable to other experimental studies [19 20 
21]. The physisorbed water layer ta is now determined and the corre-
sponding reducing of available pore space. In conclusion, all required 
parameters are known to predict the influence of physisorption on the 
diffusion coefficient. Nevertheless, the underlying pore volume distri-
bution was measured at dry state and do not incorporate chemisorption. 

4.2. Quantitative assessment of the hygric expansion based on climate 
change experiments 

Chemisorption describes the chemical absorption of water. On the 

macroscopic scale, this effect is known as material swelling. Tests at 
different material moisture states were carried out for both used ma-
sonry materials to quantify this effect. Fig. 8 shows the measured axial 
strain of RILEM earth masonry specimens under usual service load for 
three cycles of humidity variation from 50 % RH to 65 % RH. Each 
adsorption or desorption cycle was done for seven days. However, we 
analyse only the first increase of relative humidity in the following 
because this represents pure adsorption without any hysteresis effects. 
Although full steady-state conditions are not reached after seven days, 
the slope is already monotonically decreasing. After the third cycle, the 
corresponding strain value would be around 25 % higher. However, for 
a first estimate, the measured strain is between 0.14 mm/m or 0.19 mm/ 
m for a variation of 15 percentage points in relative humidity. As a first 
rough estimation, we assume a strain rate due to chemisorption of 0.01 
mm/m for one percentage point variation in humidity. This strain rate is 
used for an estimation of the evolution of the pore volume distribution 
due to chemisorption. 

4.3. Moisture distribution of earth masonry exposed to outdoor climate 
conditions 

Macroscopic strain rates do not necessarily represent the variation of 
pore volume distribution as the solid material matrix itself exhibits 
elasto-plastic material behaviour. However, as a conservative assump-
tion we postulate that the pores on microscopic scale are affected by the 
same strain rate of 0.01 mm/m for one percentage point of humidity 
variation. In fact, a pore of 1000 nm in diameter facing an increase of 

Fig. 6. Minimum and maximum values of the moisture distribution throughout the walls cross section (left) and development of the moisture content for selected 
measurement points in the period of one year. 

Fig. 7. Experimental and theoretical sorption isotherm for the earth block and 
for different pore geometries. 
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one percentage point of humidity would be reduced to 999.99 nm. Three 
different pore sizes are analysed in Table 1 for three different humidity 
levels. The radius of the resulting air bubble in the centre of the spherical 
pore is rfree as only in this part of the pore diffusion can occur. The dry 
state can be considered as the baseline because it describes the Knudsen 
effect due to the pore confinement. For the smallest pore, this effect is 
obviously the greatest one and molecular diffusion is reduced the most. 
This is the stiff radius for the computation of the physisorbed water 
predicted by Hillerborg’s adsorption theory, called here “only phys-
isorption”. For the smallest pore, only at 45 % RH a free space exists and 
for the two high humidity levels, full saturation is already reached. The 

case “only chemisorption” considers only the pore radius reduction due 
to the case by chemisorption without any adsorbed water layer. These 
two cases are just for comparison because physisorption and chemi-
sorption will always occur simultaneously. The case “chemi- and phys-
isorption” incorporates both effects simultaneously. First, we predicted 
the reduction of the initial sphere diameter with a strain rate of 0.01 
mm/m for one percentage point of humidity variation. The new and thus 
slightly reduced diameter was then the input for the prediction of 
physisorption. As the adsorbed water layer thickness is a non-linear 
function of the pore radius, chemisorption must be considered before 
physisorption to account properly for the Kelvin effect. The resulting 
free radii were the input to compute the corresponding Knudsen number 
based on a mean free path of lm = 66.35 nm. 

4.4. Application for earth masonry 

The standard EN 1015 for water vapour permeability considers only 
steady-state conditions and is in consequence not representative for 
dynamic situation [22]. In varying ambient conditions, thermal diffu-
sion highly influences moisture transport [23]. Depending on the earth 
material, at humidity levels of roughly 75 % RH, water vapour diffusion 
and hydraulic conductivity interact with each other. This increases the 
complexity of moisture transport prediction [18,20]. Furthermore, in 
case of desorption, inkbottle water causes strong hysteresis effects in 
material moisture [17,24]. 

However, moisture transfer in earth masonry is of crucial importance 
for the load-bearing capacity [8] and for moisture buffering [25]. With 
increasing moisture content within the hygroscopic range, the 
compressive strength reduces by more than 60 % for earth material [3 
21] and by 48 % for polymer modified earth material [25]. For the 
prediction of moisture buffering, better input parameters are required to 
meet building regulations in respect to thermal insulation [26]. 
Although several types of moisture transfer can be simulated with heat 
air moisture (HAM) models, they all rely on the investigated material 
and its pore network [27 28]. To increase moisture buffering, the 
moisture capacity can be increased by using more active clay minerals, 
but this also increases swelling and shrinkage [20]. 

Fig. 8. Hygric expansion of the two masonry materials for cyclic material moisture variations.  

Table 1 
Free pore space and Knudsen number for different physi- and chemisorption 
states for spherical pores.  

Initial spherical 
pore diameter 

r ¼ 3.5 nm r ¼ 25 nm r ¼ 50 nm 

Pore properties rfree NK rfree NK rfree NK 

Dry state 3.5 nm 9.48 25 nm 1.33 50 nm 0.66 
45 % RH only 

physisorption 
2.37 nm 14.02 24.39 nm 1.36 49.4 nm 0.67 

65 % RH only 
physisorption 

0 nm — 23.94 nm 1.39 48.99 nm 0.68 

85 % RH only 
physisorption 

0 nm —— 21.77 nm 1.52 47.35 nm 0.7 

45 % RH only 
chemisorption 

3.4984 
nm 

9.48 24.9887 
nm 

1.33 49.9776 
nm 

0.66 

65 % RH only 
chemisorption 

3.4977 
nm 

9.48 24.9838 
nm 

1.33 49.9676 
nm 

0.66 

85 % RH only 
chemisorption 

3.497 
nm 

9.49 24.9786 
nm 

1.33 49.9575 
nm 

0.66 

45 % RH chemi- 
and 
physisorption 

2.36 nm 14.04 24.38 nm 1.36 49.38 nm 0.67 

65 % RH chemi- 
and 
physisorption 

0 nm — 23.93 nm 1.39 48.96 nm 0.68 

85 % RH chemi- 
and 
physisorption 

0 nm — 21.75 nm 1.53 47.31 nm   
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Within the hygroscopic range, around 80 % of the material moisture 
is located in mesopores [11]. With the appearance of a physisorbed 
water film, adsorbed interlayer water and physisorbed capillary water, 
Lin et al. identified three types of water relevant for earth material. 
Furthermore, they speculated that clay swelling/chemisorption of water 
might have a great influence on the pore structure and, finally, on 
moisture transport [15]. The results in Table 1 show that the influence of 
chemisorption is negligible compared to physisorption in respect to 
water vapour gas diffusion in mesopores, including the Knudsen effect. 
Thus, the influence of swelling/shrinkage on gas diffusion can be 
ignored. This significantly reduces complexity as analytical models or 
simulations do not need to couple the water vapour diffusion coefficient 
with the local moisture content which would influence the locally 
available pore space. In conclusion, the pore network can be considered 
as rigid. Therefore, physisorption remains as the relevant influence for 
gas diffusion in partially saturated pores. Following Lin at al. [15], 
multilayer adsorption and capillary condensation need to be considered 
in more detail, including point-symmetric [11] and not point-symmetric 
[20] pore geometries. In future, further analysis of the moisture content 
of earth material can be validated by nuclear magnetic resonance 
measurements [29]. 

5. Conclusion 

A free-standing earth masonry wall was equipped with six sensor 
arrays and every array consists of 9 humidity sensors in different depths. 
With this setup, the entire 40 cm wall was monitored over one year. The 
recorded data show reasonable trends with higher moisture at winter 
season and low humidity levels during summer season. Furthermore, 
sensors at higher depths record a smoother behaviour with fewer peaks. 

Sorption theory was applied to the measured pore volume distribu-
tion and the highest correlation with experimental sorption isotherms 
was found for spherical pore geometries. Based on this, for every hu-
midity level and pore size, the pore saturation and the physisorbed water 
film can be predicted. Furthermore, pore volume distributions of 
different pre-conditioning material samples indicated a homogenous 
increase in pore volume for all pore radii. This indicates that every pore 
size is affected similarly by chemisorption. Thus, we assumed a constant 
strain rate for every pore of 0.01 mm/m for one percentage point of 
humidity variation based on axial strain. Finally, we compute the free 
pore space and the Knudsen number for pure physisorption, pure 
chemisorption, and both effects occurring simultaneously. 

For all analysed pore radii between 3.5 nm and 50 nm, the effect of 
chemisorption of the Knudsen number is negligible. Even for the 
smallest pore, which shows the strongest effects, chemisorption causes 
less than 1 % of the variation of the Knudsen number. The entire process 
is highly dominated by physisorption. As chemisorption does not in-
fluence noticeably the Knudsen number it will not have any influence on 
the molecular diffusion coefficient. This will simplify moisture transfer 
calculations for life cycle analysis [30] and buffering capacity [31]. 
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