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Abstract  The climate crisis is driving an increas-
ing demand for ecologically oriented concepts. In the 
building sector, this demand includes not only the 
use of environmentally friendly materials but also 
the greening of urban areas. One promising approach 
is the development of bioreceptive concrete façades, 
which support the growth of green biofilms directly 
on their surfaces. These innovative façades are antici-
pated to deliver benefits comparable to those of mac-
roscopically greened façades, such as enhanced bio-
diversity and improved air quality, while offering the 
advantages of being more self-sustaining and stable 
systems once fully established.
However, the development of bioreceptive con-
crete presents substantial challenges. Due to the 

interdisciplinarity and novelty of this field, standard-
ized methods for material characterization and biore-
ceptivity assessment are currently lacking. This study 
proposes an approach for evaluating surface proper-
ties crucial for bioreceptivity, developed on differ-
ently structured samples of ultra-high-performance 
concrete (UHPC). Existing methods and standards 
from concrete technology are critically reviewed 
and, where necessary, modified to meet the unique 
requirements of measuring bioreceptive material 
properties. Special attention is given to the surface 
pH value and water retention characteristics, as these 
are essential for promoting microbial growth and 
ensuring the long-term stability of green biofilms. 
The observed surface characteristics vary according 
to the imprinted surface structures, offering a spec-
trum of material properties and enabling the evalu-
ation of their impact on bioreceptivity. The findings 
presented form the foundation for subsequent labora-
tory weathering experiments, which will be discussed 
in a complementary publication.

Keywords  Bioreceptivity · Concrete · Material 
characterization · Surface pH-value · Water retention · 
Method development

1  Introduction

Concrete is the most widely used building material 
in the world and its versatility allows it to be used 
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in a wide range of applications [1]. For a long time, 
material adaptations mainly focused on increasing 
strength and durability, however, in recent years a 
trend towards more sustainable and environmentally 
friendly mix designs is observed. Research is increas-
ingly focusing on reducing CO2 emissions and low-
ering the consumption of raw materials, e.g. through 
alternative binders and recycled materials [1–4]. 
Another growing area of interest is the development 
of green façade systems, which promote biodiversity 
and create new urban green spaces [5–7]. These sys-
tems commonly rely on higher plants and their high 
cost and maintenance requirements limit their use [8, 
9].

An alternative approach involves microbial 
greening using mosses [10, 11] or self-sustaining, 
algae-dominated biofilms [6, 12]. In case of the lat-
ter, microbial biocolonization of building materi-
als describes the growth of biofilms on man-made 
surfaces [13] and is governed by bioreceptivity, the 
capacity of a material to support biological growth 
[14, 15]. Bioreceptivity is a complex concept influ-
enced by material properties as well as biological and 
environmental factors. Environmental boundary con-
ditions such as the amount of water available, tem-
perature, and intensity and spectrum of solar radiation 
influence the microbial growth and can be considered 
on different scales, namely climate, weather, and 
microclimate. The inclination and orientation of the 
facades, as well as the proximity to green areas also 
play a role [15–17]. From a biological perspective, 
the abundance and diversity of microorganisms are 
decisive factors for microbial growth on a materials 
surface. Bioreceptivity as a material intrinsic parame-
ter is determined by a combination of properties such 
as roughness, pH value, and water retention capacity 
[15]. These properties dictate how easily microor-
ganisms, water, and nutrients can adhere to a surface 
and are sustained there to promote biofilm formation. 
Moreover, bioreceptivity is not a static property but 
evolves over time, especially due to weathering pro-
cesses [14, 15].

As the most reproducible and controllable of the 
three factors influencing bioreceptivity, the building 
material is the primary focus in developing a micro-
bially greened façade. Concrete’s widespread use and 
versatility make it a suitable candidate for microbi-
ally greened facades, as concretes properties can be 
tailored to enhance its intrinsic bioreceptivity. While 

there has been significant research on bioreceptive 
concrete for marine infrastructure and costal renatura-
tion [18–20], the findings from marine environments 
are not fully transferable to subaerial biofilms. Differ-
ences in environmental factors, such as exposure to 
air versus seawater, along with variations in concrete 
mixtures and target organisms, limit the applicability 
of marine research findings to the topic of subaerial 
bioreceptive concrete.

However, understanding fundamental interactions 
between the substrate and subaerial biofilm formation 
is crucial for designing concrete with increased biore-
ceptivity. So far, several studies offer insights into 
the role of concrete material characteristics on biore-
ceptivity. Sandra Manso established a foundation for 
evaluating how concrete chemistry and mix design 
influence its bioreceptivity, particularly by modify-
ing the pH value of the bulk material [6]. Concrete 
is a highly alkaline material, with the fresh material 
often reaching pH levels above 12, making it a key 
material property in concrete bioreceptivity research 
[6, 17]. Over time, carbonation gradually reduces 
the pH value starting from the surface and migrating 
into the material, making concrete more bioreceptive. 
However, these initial high pH values create an inhos-
pitable environment for microorganisms, as biofilms 
ideally require pH values below 10 to support photo-
synthetic activity and growth [17, 21]. Photosynthetic 
biofilms need sufficient light and moisture to grow 
with growth periods being significantly shortened 
if the pH value of the surface rises too fast when in 
contact with water. However, microorganisms may 
survive unfavorable conditions in a dormant state, but 
the duration of the preceding growth period is crucial.

While surface pH value is primarily a chemical 
property, it is closely linked to physical characteris-
tics, such as surface roughness, which can accelerate 
carbonation and thus lower the pH value [22, 23]. 
Accurately monitoring concrete’s surface pH value is 
crucial, but current standards focus on measuring the 
carbonation depth or the pH value of the bulk mate-
rial, which does not fully reflect surface properties 
relevant to microbial colonization.

Moreover, comparable in-depth studies on 
the influence of surface texture on bioreceptivity 
are scarce. Tran et  al. investigated factors such as 
porosity, roughness, and surface pH value. They 
concluded, that while porosity did not affect colo-
nization due to constant moisture present during the 
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experiment, roughness facilitated algal attachment, 
and a lower surface pH accelerated algal growth 
[17]. Dalod et  al. researched the influence of mor-
tar chemistry and carbonation, and observed that 
surface roughness had little impact, but pH value 
and chemical properties were decisive for coloniza-
tion [24]. Grosseau et  al. combined laboratory and 
outdoor weathering experiments on various mortar 
mixes and curing conditions but did not study phys-
ical surface characteristics [25].

While there is a consensus of which surface 
parameters are influencing concrete bioreceptiv-
ity, there is no clear understanding of why, how, 
and to which degree a surface parameter influ-
ences microbial growth. Especially the influence 
of physical surface alterations, such as imprinting 
structures or treatments like sandblasting, remains 
underexplored. This is further complicated by 
the fact that results regarding the impact of physi-
cal surface properties are highly dependent on the 
type of growth experiment conducted and the test 
set-ups often vary greatly [26]. Laboratory weather-
ing simulates environmental conditions but depend-
ing on the experimental design important boundary 
conditions like relative humidity or presence of liq-
uid water on the tested material may not be reflected 
correctly. Tran et  al. for example reports that the 
influence of concrete porosity could not be assessed 
in his experiments because of his testing methods 
led to a constantly high humidity during the growth 
[17]. Contradictory results illustrate that for assess-
ing the influence of physical surface properties on 
bioreceptivity, not only the material characteri-
zation must be standardized, but also the growth 
experiments themselves [27].

As the first part of a two-part study, this work pre-
sents an experimental approach to evaluate the sur-
face properties of concrete in a bioreceptive context. 
It addresses the gap in research regarding the influ-
ence of surface structure on biocolonization by using 
a fixed concrete mix and samples with varying sur-
face structures. The emphasizes is on key surface 
properties known to affect bioreceptivity, including 
roughness, water retention, and surface pH value. A 
follow-up publication will link this data to a comple-
mentary laboratory growth experiment which allows 
to assess the impact of the thoroughly characterized 
surface structures on bioreceptivity with special 
attention to microbial attachment and growth [28].

2 � Material and methods

Four differently structured concrete surfaces based on 
the same ultra-high-performance concrete (UHPC) 
mixture were produced and characterized. As the 
bulk material defining the material chemistry is the 
same for all samples, differences in material proper-
ties are the result of the surface structure.

2.1 � UHPC mix

The concrete used in this study is the commercially 
available NANODUR® Compound 5941 (Dycker-
hoff GmbH, Germany) in combination with fine-
grained sand (0–2  mm). The small aggregate size 
made it possible to imprint very fine structures onto 
the surface. The w/c ratio of 0.19 was achieved using 
a superplasticizer (MasterGlenium ACE 394, BASF 
SE, Germany). The mix design and processing are 
summarized in Table 1.

2.2 � UHPC samples

UHPC quality and workability were confirmed by 
measuring the temperature after mixing using a pen-
etration thermometer (Testo 720, Testo SE & Co. 
KGaA, Germany) and by determining the spreading 
of the fresh UHPC on a flow table. UHPC prisms with 
the dimensions of 40 mm × 40 mm × 1600 mm were 
produced and subjected to a loading rate of 2.4 kN/s 
(MTS 1MN Hydraulic Universal Testing Machine, 
MTS System GmbH, Germany) to measure flexural 
and compressive strength after 1, 7 and 28 days (DIN 

Table 1   Overview of the concrete mix composition and pro-
cessing. Ingredients are in [kg/m3] of concrete

Concrete recipe Amount [kg/m3]

Sand (0–2 mm) 1150
UHPC Mix NANODUR® Compound 5941 1050
Superplasticizer 18.1
Water 178.5

Mixing procedure Time [min]

Dry ingredients 0–1
Water 1–2
Superplasticizer 2–8
End 8
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EN 196). The porosity of the bulk material was evalu-
ated with mercury intrusion porosimetry (MicroAc-
tive AutoPore V 9600, Micromeritics, USA).

Concreting was carried out in formwork with 
steel grid inserts, which allowed the production of 
10  cm × 10  cm × 1  cm samples on a large scale. No 
formwork oil was used to produce the samples. Four 
surface structures with a range of different surface 
properties linked to bioreceptivity were created. One 
surface is a conventional concrete surface without 
imprinted surface structure, which serves as a refer-
ence. Two other surfaces were produced with textured 
molds, one with a texture milled directly into the 
bottom of the formwork and one by concreting onto 
a textile. The fourth surface was produced by apply-
ing expanded clay on top of the curing concrete. The 
expanded clay has a grain size of 1—2 mm and a total 
porosity of 41.7% with a water absorption of 10.3%.

All samples including the prisms for flexural and 
compressive strength were demolded 24 h after con-
creting and then stored in water for 6 days, followed 
by air storage in a climatic room with 50% rH and 
23  °C. A visual documentation of the different sur-
face types was done with scans (Scanmaker 1000 XL 
Plus, Mikrotek, Taiwan) of the whole sample sur-
face (10 cm × 10 cm) and digital microscopy images 
(VHX 7000, Keyence, Japan) of respective cylindric 
samples with a diameter of 30 mm.

2.3 � Roughness

Surface roughness was measured with a laser-based 
system (SRC-LS, Form + Test Seidner&Co. GmbH, 
Germany). The 10  cm × 10  cm samples were meas-
ured in a grid-like structure, with 5 measurements 
each horizontally and vertically at regular intervals of 
20 mm. The raw data were evaluated, and arithmetic 
roughness (Ra) values were determined.

2.4 � pH measurements

The surface pH value of the structured concrete sam-
ples in contact with water was measured using an in-
situ approach adapted from Sagüés et  al. [29]. Cylin-
ders with a diameter of 30 mm were drilled out of the 
samples and inserted into small polymer bottles. The 
sides were sealed off with synthetic resin so that only 
the surface of the samples was in exchange with the 
environment. Deionized water (10 g) was poured into 

the polymer bottles and changes in the pH value of the 
water was monitored over time (0,5  h, 1  h, 2  h, 3  h, 
5 h, 1d, 2d, 3d, 4d, 5d and 7d) with a pH probe (InLab 
Micro, Mettler-Toledo GmbH, Germany).

2.5 � Water retention

The interactions between water and the various sample 
surfaces were tested using several methods. Water con-
tact and roll-off angles were measured with an optical 
contact angle goniometer (OCA 35XLH, DataPhys-
ics, Germany). Contact angles were recorded for 10 μl 
water droplets placed on horizontally positioned sam-
ples, with measurements taken over the course of one 
minute. For the roll-off angle, the samples were gradu-
ally tilted from a horizontal 0° position to a vertical 90° 
position within 70 s.

The water absorption capacity of the surfaces was 
measured using a modified gravimetric approach, fol-
lowing the guidelines of DIN EN 13057. Samples 
were dried to achieve mass constancy, and the back 
and sides were sealed to ensure water uptake occurred 
only through the structured surface. Before testing, the 
samples were weighed and then placed face down on 
a saturated sponge cloth, allowing for capillary absorp-
tion without direct immersion in water. The samples 
were weighed repeatedly, measuring the capillary water 
uptake over time. The sorption coefficient was calcu-
lated for both short-term water uptake (2 h) and long-
term wetting scenarios (3 d).

The water retention capabilities of the different 
surfaces were assessed further with nuclear magnetic 
resonance (NMR). A NMR-Mobile Universal Sur-
face Explorer (NMR-MOUSE) device  developed by 
Blümich et al. [30] was used to determine water pen-
etration depth. Preliminary tests were carried out to 
assess the T1 time and suitable measurement settings 
were chosen. The number of scans was set to 1000, 
along with six echoes and a repetition time of 350 ms. 
The measurement set-up is inspired by Orlowsky et al. 
[31], and involves placing a wetted sponge textile on 
the NMR-MOUSE, followed by a dried concrete sam-
ple and a plastic foil on top to reduce evaporation. The 
water uptake is measured in-situ.
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3 � Results

3.1 � UHPC mix

The temperature of the fresh UHPC mix stayed 
within the recommended range and averaged at 
24.0 ± 1.8 °C. The spreading was uniform and with a 
value of 31.5 cm ± 0.5 cm within the expected range. 
The average pore size of the bulk material is 12.0 nm. 

The resulting UHPC strength measured according to 
DIN EN 196 increases over time to a 28  day com-
pressive strength of 137.9 ± 4.3  MPa and a flexural 
strength of 2.5 ± 0.2 MPa (Fig. 1).

3.2 � UHPC samples

The different surface structures manufactured were 
visually documented (Fig.  2). A smooth surface 
called “Blanco” was selected as a reference to con-
ventional concrete facades. The second surface struc-
ture was named “Expanded Clay” after the granulates 
additionally used in its production. For the “Vinidur” 
structure, crevasses with a depth of 0.5  mm and an 
offset of 1.0  mm were milled directly into the bot-
tom of the formwork. Despite the implemented struc-
ture, the surface has a smooth and sealed appearance. 
Porous surfaces were represented by the structure 
“Textile”. Concreting directly on a textile and ripping 
the textile off the UHPC surface after demolding led 
to small pores in the near-surface area.

3.3 � Roughness

The reported values describe the microroughness 
of the different implemented surfaces. The unstruc-
tured Blanco surface shows the lowest roughness 
of 25.53 ± 8.5  μm. The Textile structure exhib-
its a roughness of 62.38 ± 7.0  μm, followed by 

Fig. 1   Compressive and flexural strength of UHPC measured 
on prisms (40 × 40 × 160  mm) after 1, 7, and 28  days. The 
compressive strength increases steadily over time and reaches 
levels typical for UHPC

Fig. 2   Overview over the structured surfaces. From left to right: Blanco, Expanded Clay, Vinidur, Textile. On the top row scans of 
the 10 × 10 cm samples, on the bottom row the respective digital microscopy images of cylinders with a diameter of 3 cm
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Vinidur with 65.92 ± 25.6  μm and Expanded Clay 
with 98.53 ± 23.9 μm.

3.4 � pH measurements

The pH measurements of deionized water in contact 
with the various surface structures reveals a correla-
tion between surface structure and the recorded pH 
values (Fig. 3). The initial pH value of the deionized 
water is at 6.5 and upon contact with the UHPC, its 
pH value increases, with the rate of increase depend-
ent on the specific sample structure. After 30  min, 
the Textile surface exhibits the lowest pH value at 
9.35 ± 0.1, followed by Blanco at 9.75 ± 0.2, Vinidur 
at 10.00 ± 0.4, and Expanded Clay at 10.45 ± 0.4.

Within the first 24  h, the Expanded Clay surface 
shows the most significant increase in pH value to val-
ues of 11.25 ± 0.25. The Blanco and Vinidur surfaces 
also show a strong increase in pH value to 11.0 ± 0.1 
and 10.7 ± 0.4 respectively. The Textile surface exhib-
its the lowest increase in pH value within 24 h, with a 
value of 10.45 ± 0.05.

While the different surface structures initially have 
an impact on both pH value and rate of pH value 

increase, over time the underlying UHPC mix used 
for all samples leads to similar pH values recorded.

3.5 � Water retention

Water contact angles measurements allow a distinc-
tion between hydrophilic and hydrophobic surfaces. 
The surfaces Blanco and Vinidur exhibit a water con-
tact angle below 90°. They do not absorb the water, 
but hold it on the surface, classifying them as hydro-
philic surfaces (Fig. 4). Expanded Clay as a combina-
tion of two materials is a special case, as the mate-
rial properties of the added aggregates differ strongly 
from the surrounding, almost Blanco like UHPC 
surface, and results may differ depending on where 
droplets are placed. In the measurements, Expanded 
Clay performed similar to the Textile structure and 
both surface structures were not able to hold the 
water droplet on the surface, completely absorbing 
the water. The roll-off measurements yielded similar 
data and in case of Blanco and Vinidur, the droplet 
adhered to the structure even in a vertical position.

Water contact angles measurements allowed a 
distinction between hydrophilic and hydrophobic 
surfaces. The surfaces Blanco and Vinidur exhibit a 
water contact angle below 90°. They do not absorb 
the water, but hold it on the surface, classifying them 
as hydrophilic surfaces (Fig.4). Expanded Clay as 
a combination of two materials is a special case, as 
the material properties of the added aggregates dif-
fer strongly from the surrounding, almost Blanco like 

Fig. 3   Surface pH values of the four differently structured 
samples over time. The pH values of 10 ml deionized water in 
contact with the different surface structures is measured over 
time. In the initial phase of up to five hours, the surface struc-
tures impact leaching which leads to differences in pH values 
recorded. Eventually, all samples approached pH levels above 
10, which are potentially inhibitory to biological growth, 
reflecting the influence of the shared cementitious base mate-
rial

Fig. 4   Water contact measurements. 3A.: Water contact angles 
of the non-absorbent surfaces Vinidur and Blanco. Samples 
were stored horizontally. 3B.: Roll off angles of a Blanco sam-
ple. The sample was tilted 0°, 45° and 90° (top to bottom) and 
able to hold the droplet on its surface during the experiment 
duration of 70 s
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concrete surface, and results may differ depending 
on where droplets are placed. In the measurements, 
Expanded Clay performed similar to the Textile struc-
ture and both surface structures were not able to hold 
the water droplet on the surface and the water was 
absorbed by the material. The roll-off measurements 
yielded similar data and in case of Blanco and Vini-
dur, the droplet adhered to the structure even in a ver-
tical position.

The water absorption capacity and linear sorp-
tion coefficients vary across the different structures 
(Fig.  5). The calculated 2  h value simulates short-
term moisture accumulation possible during an 
extended rain or condensation event. Blanco and Vin-
idur show minimal water uptake, whereas the struc-
tures Expanded Clay and Textile show a compara-
tively high-water uptake in the beginning (Fig.  5A). 
Over a longer duration, the differences between the 
structures average out and the underlying material 
properties of the dense UHPC dominate the coeffi-
cients calculated (Fig. 5B).

The NMR results complete the water retention 
characterization of the different surfaces and show 
where absorbed water is stored within the concrete 
samples (Fig.  6). A distinction between wet sponge 
cloth, UHPC saturation zone and dry UHPC bulk 
material can be made, with their specific depths 
depending on the surface structure. The UHPC 

saturation zone indicates the extent and location of 
water storage within the material. The signal ampli-
tude corresponds to the quantity of absorbed water, 
while the signal depth reflects how deeply the water 
penetrates the material. All observed UHPC satura-
tion zones, including those of the two absorbent sur-
faces, Textile and Expanded Clay, are relatively thin, 
demonstrating that water storage is primarily confined 
near the surface. A sharp decrease in water absorp-
tion marks the transition from the surface structure to 
the bulk UHPC zone.

4 � Discussion

The ultra-high-performance concrete (UHPC) used in 
this study was, due to its fine particle size distribution, 
well suited for accurately imprinting delicate micro-
structures. Four different surface structures (Blanco, 
Vinidur, Expanded Clay, and Textile) were specifi-
cally designed to enhance the UHPC’s bioreceptivity 
and to represent a broad range of potentially suitable 
surface characteristics (Fig. 2). To avoid confounding 
effects, the samples were cast without a release agent, 
as conventional formwork oils can introduce organic 
residues to the surface, potentially inhibiting biofilm 
formation or promoting heterotrophic growth during 
early stages of planned biofilm growth experiments 

Fig. 5   Water retention experiments adapted from DIN EN 
13057. A: Water uptake of the different surface structures in 
kg/m2 over the experiment duration of 2  h (√8  h). B: Water 

absorption coefficient of the different surface structures in kg/
(m.2*√h) over the experiment duration of 2 h (√8 h)



	 Materials and Structures          (2025) 58:335   335   Page 8 of 12

Vol:. (1234567890)

[32]. Formwork oils may further alter surface–water 
interactions until washed off or degraded, influenc-
ing material characterization results. These consid-
erations during sample production ensured that the 
observed effects on bioreceptivity could be attributed 
primarily to the surface structure itself. Subsequent 
in depth surface characterization included roughness, 
surface pH values, and water retention capabilities.

Roughness values revealed comparatively high 
standard deviations (Paragraph 3.3). Not using a 
release agent led to the formation of pores, particu-
larly on the Vinidur surface, which was produced 

using the most intricate formwork mold. Neverthe-
less, the number and size of these pores remained 
within acceptable limits and were considered pref-
erable to the potential confounding effects of release 
agents. According to the literature, the size and 
shape of the surface structure has an influence on 
bioreceptivity [20] and ideally, the structures should 
be slightly larger than the colonizing microorgan-
isms to facilitate adhesion [33]. Given the variabil-
ity among potentially colonizing organisms, a range 
between 20 µm and 150 µm was aimed for and suc-
cessfully achieved, resulting in roughness values 

Fig. 6   NMR measurement of differently structured UHPC 
samples. Dry concrete samples with different surface structures 
are put on a wet spongecloth and measured with NMR. Differ-

ences in water retention capabilities are visible by water pen-
etration depth (measurement depth) as well as amount of water 
retained in the sample (amplitude)
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comparable to those reported in previous studies 
[17, 24].

For measuring the surface near pH value, a spe-
cific experimental set-up adapted from Sagüés [29] 
was used, in which only the sample surface was con-
tinuously submerged in water, allowing close moni-
toring of changes in pH value. The set-up excludes 
potentially influential real-world effects, such as 
aerosol accumulation typically observed on façades, 
effectively isolating surface characteristics as the pri-
mary factor affecting pH value and enabling a direct 
comparisons between different surface structures.

Samples had been stored for one year at room con-
ditions prior to testing, allowing some carbonation 
linked to physical surface parameters to occur. The 
results reveal significant differences in surface pH 
value across different UHPC surfaces tested. While 
the surfaces Vinidur and Expanded Clay exceeded 
a pH value of 10 within just 0.5  h of immersion, 
potentially limiting microbial growth, Textile and 
Blanco surfaces sustained more bioreceptive pH val-
ues for up to 3 h. After 24 h, all surfaces surpassed 
the pH threshold of 10, indicating limited suitability 
for microbial activity over extended wetting periods 
(Fig. 3). As noted in the introduction, excessively high 
pH values do not necessarily cause microorganisms to 
die but rather induce a dormant state, allowing them 
to survive the harsh environment. The timeframe dur-
ing which a biofilm could remain active, along with 
the gradual increase in pH value that allows organ-
isms sufficient time to adapt and shut down, is crucial 
and particularly promising on the Textile surface.

In the later stages of testing, atmospheric CO₂ 
likely influences results, as the shaking and opening 
of bottles allows CO₂ diffusion, causing a gradual 
decrease in pH value over time. This effect should be 
accounted for in long-term experiments. Overall, the 
experimental set-up provided meaningful insights, 
particularly for simulating shorter wetting periods 
that might occur naturally, and their impact on pH 
values present on a materials surface.

Another crucial factor for biological growth is 
water retention and availability [16, 27, 34]. Porosity, 
roughness, and texture influence the water absorp-
tion, water retention and wettability of a build-
ing material [16, 17, 35]. An important distinction 
between absorbed water and bioavailable water close 
to the surface must be made. In hydrophilic materials 
with high water retention capabilities, water is often 

absorbed into deeper layers, effectively reducing its 
bioavailability to microorganisms. On the other hand, 
hydrophobic surfaces may repel water, causing it to 
drain away and dry too quickly, also limiting bioavail-
ability. For a material to be considered bioreceptive, 
it must retain water close to the surface over extended 
periods, ensuring it remains accessible to microor-
ganisms and supports biological activity.

Water retention was assessed using a combination 
of techniques: water contact angle measurements to 
evaluate surface wettability, capillary sorption tests to 
quantify water uptake, and NMR to determine the dis-
tribution and bioavailability of water. This integrated 
approach provides a comprehensive understanding of 
water availability in the context of bioreceptivity.

Water contact angle and roll-off measurements 
(Fig. 4), distinguished between absorbent (Expanded 
Clay, Textile) and hydrophilic (Blanco, Vinidur) sur-
faces. Notably, water droplets on both the Vinidur and 
the Blanco surface remained on the surface without 
rolling off, even in a vertical, façade-like application.

Capillary sorption tests (adapted from DIN EN 
13057) revealed differences in water uptake linked 
to the surface structure (Fig. 5). Results were in line 
with those from the water contact angles, as a dis-
tinction between two absorbent samples (Expanded 
Clay, Textile) and two hydrophilic and therefore less 
absorbent surfaces could be made (Blanco, Vinidur). 
Importantly, capillary sorption tests also provide 
insight into which surface structures possess more 
capillary pores, a feature potentially relevant for the 
success of microbial attachment.

For the two non-absorbent surfaces Blanco and 
Vinidur, the NMR results (Fig. 6) indicated a stronger 
signal directly at the surface, but the amplitude was 
close to that of the bulk material, suggesting minimal 
water absorption as indicated by the previous results. 
In contrast, the absorbent Expanded Clay and Textile 
surfaces showed a higher amplitude in the uppermost 
layer, indicating greater water retention near the sur-
face. Comparing all four types of surface structures, 
significant differences in amount and depth of water 
saturation can be observed. The inhomogeneity of the 
Expanded Clay surface made precise NMR measure-
ments difficult, as the recorded signal was an aver-
age of both air and saturated expanded clay particles, 
leading to higher error margins.

Due to the material density typical for UHPC, even 
the absorbent surfaces Expanded Clay and Textile 
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retained water near the surface as intended. Their 
combination of increased roughness and surface-near 
water retention makes them promising candidates for 
upcoming laboratory weathering tests. The two non-
absorbent surfaces also performed well, displaying 
hydrophilic contact angles without allowing water 
droplets to roll off. This effect depends on the drop-
let size, if the droplet becomes too large, gravity will 
overcome adhesion, causing it to roll off. However, 
dew droplets and prolonged drizzle are likely to have 
a major impact on biofilm development and growth 
[36, 37]. Considering this, the 10 μl droplet size used 
in the water contact angle measurements represent 
the key moisture fraction, further supporting the rel-
evance of the methodology.

Despite using the same base  UHPC mix for all 
samples, a wide range of material-water interactions 
was achieved solely by altering the surface structure. 
overall, the methods implemented provided a thor-
ough understanding of the surfaces’ wetting behavior 
and their ability to retain bioavailable water, showing 
that varied water interactions can be effectively con-
trolled through a materials surface structure.

The surface parameters discussed should not be 
viewed in isolation as they often influence each other 
[27], such as e.g. roughness and porosity affect ph 
values. The results show that the structure signifi-
cantly affects material-environment interactions in 
the short term. The in-depth material characteriza-
tion allows a preliminary estimation of the biorecep-
tive properties. building on insights from literature on 
bioreceptive concrete [6, 17, 38] and on laboratory 
weathering experiments [26], the UHPC samples will 
be inoculated and subjected to a dynamic laboratory 
weathering experiment with irrigation using deion-
ized water. In this scenario, the surfaces Expanded 
Clay and Textile are expected to show bioreceptive 
properties due to their enhanced roughness and cap-
illary sorption and linked to it, their ability to help 
microorganisms attach. moreover, the pH values of 
both surfaces appear promising. Textile demonstrates 
the lowest pH values during shorter wetting periods 
of up to 3 h. When distinguishing between the uhpc 
matrix and the aggregate, expanded clay provides 
aggregates with more favorable ph conditions com-
pared to the uhpc surface. This thesis will be further 
evaluated in the subsequent weathering experiments 
testing the durability of the imprinted structures and 
the interaction between inoculated microorganisms 

and their substrates. The complementary study aims 
to develop a comprehensive understanding of how the 
assessed surface properties affect bioreceptivity under 
realistic weathering conditions [28].

5 � Conclusion

Bioreceptivity of concrete surfaces is primarily influ-
enced by roughness, water retention capacity, and 
surface pH value. In case of concrete, crucial mate-
rial parameters can be finely tuned through thoughtful 
choices in concrete formulation, surface adjustments, 
and storage conditions, enabling the development of 
bioreceptive materials.

To improve comparability across studies, a com-
prehensive testing framework for concrete surfaces 
properties in relation to bioreceptivity is presented. 
A novel assessment of the surface near pH value to 
monitor water–material interactions was introduced 
and simulates the conditions experienced by biofilms 
during their photosynthetic activity. Water availability 
was evaluated using a combination of contact angle 
measurements, capillary absorption tests, and NMR, 
measuring total water uptake as well as the fraction of 
water accessible to biofilms. This study demonstrates 
that, using the same underlying bulk material, a wide 
range of surface properties can be achieved.

Future research will combine these material char-
acterization insights with a dynamic laboratory 
weathering experiment aimed to facilitate biofilm 
growth on bioreceptive surfaces, providing deeper 
insights into the connection between surface proper-
ties and microbial colonization.

Acknowledgements  The authors would like to thank André 
Gardei for technical support.

Funding  Open Access funding enabled and organized by 
Projekt DEAL. This study has been financed by Bundesanstalt 
für Materialforschung und -prüfung within the scope of the 
project MI 1642 Funktionsbeton, which also provided internal 
funding.

Data availability  Data sets generated during the study are 
available from the corresponding author on reasonable request.

Declarations 

Conflict of interests  The authors have no relevant financial 
or non-financial interests to disclose. The authors have no con-
flicts of interest to declare that are relevant to the content of 



Materials and Structures          (2025) 58:335 	 Page 11 of 12    335 

Vol.: (0123456789)

this article. All authors certify that they have no affiliations with 
or involvement in any organization or entity with any financial 
interest or non-financial interest in the subject matter or materi-
als discussed in this manuscript. The authors have no financial 
or proprietary interests in any material discussed in this article.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 A. Pierre-Claude, M. Sidney, Sustainability of Concrete, 
1., CRC Press, London, 2014. https://www.taylorfrancis.
com/books/mono/https://​doi.​org/​10.​1201/​97814​82266​
696/​susta​inabi​lity-​concr​ete-​pierre-​claude-​aitcin-​sidney-​
minde​ss (accessed 25 July 2022).

	 2.	 Jhatial AA, Nováková I, Gjerløw E (2023) A review on 
emerging cementitious materials, reactivity evaluation and 
treatment methods. Buildings 13:526. https://​doi.​org/​10.​
3390/​build​ings1​30205​26

	 3.	 Meyer C (2004) Concrete materials and sustainable devel-
opment in the USA. Struct Eng Int 14:203–207. https://​
doi.​org/​10.​2749/​10168​66047​77963​757

	 4.	 Pacheco Torgal F, Jalali S (2011) Eco-efficient construc-
tion and building materials. Springer, London. https://​doi.​
org/​10.​1007/​978-0-​85729-​892-8

	 5.	 Sheweka S, Mohamed NM (2012) Green facades as a new 
sustainable approach towards climate change. Energy Pro-
cedia 18:507–520. https://​doi.​org/​10.​1016/j.​egypro.​2012.​
05.​062

	 6.	 S Manso Bioreceptivity optimisation of concrete substra-
tum to stimulate biological colonisation, (2014).

	 7.	 Veeger M, Prieto A, Ottelé M (2021) Exploring the pos-
sibility of using bioreceptive concrete in building façades. 
J Facade Des Eng 9:73–86. https://​doi.​org/​10.​7480/​jfde.​
2021.1.​5527

	 8.	 Riley B, de Larrard F, Malécot V, Dubois-Brugger I, 
Lequay H, Lecomte G (2019) Living concrete: democ-
ratizing living walls. Sci Total Environ 673:281–295. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​04.​065

	 9.	 Cruz M, Beckett R (2016) Bioreceptive design: a novel 
approach to biodigital materiality. Archit Res Q 20:51–64. 
https://​doi.​org/​10.​1017/​S1359​13551​60001​30

	10.	 Veeger M, Veenendaal EM, Limpens J, Ottelé M, Jonk-
ers HM (2025) Moss species for bioreceptive concrete: 
a survey of epilithic urban moss communities and their 

dynamics. Ecol Eng 212:107502. https://​doi.​org/​10.​
1016/j.​ecole​ng.​2024.​107502

	11.	 Jakubovskis R, Malaiškienė J, Gribniak V (2023) Bio-
colonization layered concrete panel for greening vertical 
surfaces: a field study. Case Stud Constr Mater 19:e02394. 
https://​doi.​org/​10.​1016/j.​cscm.​2023.​e02394

	12.	 Tzortzi JN, Hasbini RA, Ballottari M, Bellamoli F (2024) 
The living concrete experiment: cultivation of photosyn-
thetically active microalgal on concrete finish blocks. Sus-
tainability 16:2147. https://​doi.​org/​10.​3390/​su160​52147

	13.	 Fuentes E, Prieto B (2021) A laboratory approach on the 
combined effects of granite bioreceptivity and parameters 
modified by climate change on the development of suba-
erial biofilms on cultural heritage. Int Biodeterior Biode-
grad 164:105295. https://​doi.​org/​10.​1016/j.​ibiod.​2021.​
105295

	14.	 Guillitte O (1995) Bioreceptivity: a new concept for 
building ecology studies. Sci Total Environ 167:215–
220. https://​doi.​org/​10.​1016/​0048-​9697(95)​04582-L

	15.	 Sanmartín P, Miller A, Prieto B, Viles HA (2021) Revis-
iting and reanalysing the concept of bioreceptivity 25 
years on. Sci Total Environ 770:145314. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2021.​145314

	16.	 Miller AZ, Sanmartín P, Pereira-Pardo L, Dionísio A, 
Saiz-Jimenez C, Macedo MF, Prieto B (2012) Biore-
ceptivity of building stones: a review. Sci Total Environ 
426:1–12. https://​doi.​org/​10.​1016/j.​scito​tenv.​2012.​03.​
026

	17.	 Thu Hien T, Govin A, Guyonnet R, Grosseau P, Lors C, 
Garcia-Diaz E, Damidot D, Devès O, Ruot B (2012) Influ-
ence of the intrinsic characteristics of mortars on biofoul-
ing by Klebsormidium flaccidum. Int Biodeterior Biode-
grad. 70:31–39. https://​doi.​org/​10.​1016/j.​ibiod.​2011.​10.​
017

	18.	 Bone JR, Stafford R, Hall AE, Herbert RJH (2022) The 
intrinsic primary bioreceptivity of concrete in the coastal 
environment – a review. Dev Built Environ 10:100078. 
https://​doi.​org/​10.​1016/j.​dibe.​2022.​100078

	19.	 Hayek M, Salgues M, Souche J-C, Cunge E, Giraudel C, 
Paireau O (2021) Influence of the intrinsic characteris-
tics of cementitious materials on biofouling in the marine 
environment. Sustainability 13:2625. https://​doi.​org/​10.​
3390/​su130​52625

	20.	 Huang Y, Zheng Y, Li J, Liao Q, Fu Q, Xia A, Fu J, Sun 
Y (2018) Enhancing microalgae biofilm formation and 
growth by fabricating microgrooves onto the substrate 
surface. Bioresour Technol 261:36–43. https://​doi.​org/​10.​
1016/j.​biort​ech.​2018.​03.​139

	21.	 R. on the influence of biological deterioration Hofbauer, 
G. Gärtner, Microbial life on Façades, Springer Spektrum, 
2021. https://​doi.​org/​10.​1007/​978-3-​662-​54833-2.

	22.	 Šavija B, Luković M (2016) Carbonation of cement paste: 
understanding, challenges, and opportunities. Constr 
Build Mater 117:285–301. https://​doi.​org/​10.​1016/j.​conbu​
ildmat.​2016.​04.​138

	23.	 Wiktor V, Grosseau P, Guyonnet R, Garcia-Diaz E, Lors 
C (2011) Accelerated weathering of cementitious matrix 
for the development of an accelerated laboratory test of 
biodeterioration. Mater Struct 44:623–640. https://​doi.​org/​
10.​1617/​s11527-​010-​9653-1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1201/9781482266696/sustainability-concrete-pierre-claude-aitcin-sidney-mindess
https://doi.org/10.1201/9781482266696/sustainability-concrete-pierre-claude-aitcin-sidney-mindess
https://doi.org/10.1201/9781482266696/sustainability-concrete-pierre-claude-aitcin-sidney-mindess
https://doi.org/10.3390/buildings13020526
https://doi.org/10.3390/buildings13020526
https://doi.org/10.2749/101686604777963757
https://doi.org/10.2749/101686604777963757
https://doi.org/10.1007/978-0-85729-892-8
https://doi.org/10.1007/978-0-85729-892-8
https://doi.org/10.1016/j.egypro.2012.05.062
https://doi.org/10.1016/j.egypro.2012.05.062
https://doi.org/10.7480/jfde.2021.1.5527
https://doi.org/10.7480/jfde.2021.1.5527
https://doi.org/10.1016/j.scitotenv.2019.04.065
https://doi.org/10.1017/S1359135516000130
https://doi.org/10.1016/j.ecoleng.2024.107502
https://doi.org/10.1016/j.ecoleng.2024.107502
https://doi.org/10.1016/j.cscm.2023.e02394
https://doi.org/10.3390/su16052147
https://doi.org/10.1016/j.ibiod.2021.105295
https://doi.org/10.1016/j.ibiod.2021.105295
https://doi.org/10.1016/0048-9697(95)04582-L
https://doi.org/10.1016/j.scitotenv.2021.145314
https://doi.org/10.1016/j.scitotenv.2021.145314
https://doi.org/10.1016/j.scitotenv.2012.03.026
https://doi.org/10.1016/j.scitotenv.2012.03.026
https://doi.org/10.1016/j.ibiod.2011.10.017
https://doi.org/10.1016/j.ibiod.2011.10.017
https://doi.org/10.1016/j.dibe.2022.100078
https://doi.org/10.3390/su13052625
https://doi.org/10.3390/su13052625
https://doi.org/10.1016/j.biortech.2018.03.139
https://doi.org/10.1016/j.biortech.2018.03.139
https://doi.org/10.1007/978-3-662-54833-2
https://doi.org/10.1016/j.conbuildmat.2016.04.138
https://doi.org/10.1016/j.conbuildmat.2016.04.138
https://doi.org/10.1617/s11527-010-9653-1
https://doi.org/10.1617/s11527-010-9653-1


	 Materials and Structures          (2025) 58:335   335   Page 12 of 12

Vol:. (1234567890)

	24.	 E Dalod, A Govin, R Guyonnet, P Grosseau, C Lors, D 
Damidot, Influence of the chemical composition of mor-
tars on algal biofouling, in: Fentiman, C.H.; Mangabhai, 
R.J.; Scrivener, K.L. (Eds.), Int. Conf. Calcium Alumi-
nates, IHS BRE Press, Palais des Papes, Avignon, France, 
2014: pp. 523–534. https://​hal.​scien​ce/​hal-​01053​366 
(accessed 9 October 2024).

	25.	 P. Grosseau, E. Dalod, A. Govin, C. Lors, R. Guyonnet, D 
Damidot, Effect of the Chemical Composition of Building 
Materials on Algal Biofouling, in: the Concrete Institute 
of Australia, 2015: p. 735 à 744. https://​hal-​emse.​ccsd.​
cnrs.​fr/​emse-​01206​843 (accessed 9 October 2024).

	26.	 Fuentes E, Vázquez-Nion D, Prieto B (2022) Labora-
tory development of subaerial biofilms commonly found 
on buildings. A methodological review. Build Environ 
223:109451. https://​doi.​org/​10.​1016/j.​build​env.​2022.​
109451

	27.	 Stohl L, Manninger T, von Werder J, Dehn F, Gorbushina 
A, Meng B (2023) Bioreceptivity of concrete: a review. J 
Build Eng 76:107201. https://​doi.​org/​10.​1016/j.​jobe.​2023.​
107201

	28.	 L Stohl, C Tonon, J Cook, A Gorbshina, F Dehn, J von 
Werder, Understanding bioreceptivity of concrete: real-
istic and accelerated weathering experiments with model 
subaerial biofilms, Manuscr. Submitt. Publ. (n.d.).

	29.	 Sagüés AA, Moreno EI, Andrade C (1997) Evolution of 
pH during in-situ leaching in small concrete cavities. Cem 
Concr Res 27:1747–1759. https://​doi.​org/​10.​1016/​S0008-​
8846(97)​00177-4

	30.	 Blümich B, Blümler P, Eidmann G, Guthausen A, Haken 
R, Schmitz U, Saito K, Zimmer G (1998) The NMR-
mouse: construction, excitation, and applications. Magn 
Reson Imaging 16:479–484. https://​doi.​org/​10.​1016/​
S0730-​725X(98)​00069-1

	31.	 Orlowsky J, Groh M, Braun F (2022) About the effective-
ness of a hydrophobic surface treatment of Baumberger 
sandstones. Environ Earth Sci 81:90. https://​doi.​org/​10.​
1007/​s12665-​022-​10186-2

	32.	 Hayek M, Salgues M, Souche JC, Weerdt KD, Pioch S 
(2022) From concretes to bioreceptive concretes, influence 

of concrete properties on the biological colonization of 
marine artificial structures. IOP Conf Ser Mater Sci Eng 
1245:012008. https://​doi.​org/​10.​1088/​1757-​899X/​1245/1/​
012008

	33	 Ledwoch K, Sai G, Singh O (2015) Non-enclosure meth-
ods for non-suspended microalgae cultivation: literature 
review and research needs. Renew Sustain Energy Rev. 
https://​doi.​org/​10.​1016/j.​rser.​2014.​11.​029

	34.	 Mustafa K, Prieto A, Ottele M (2021) The role of geom-
etry on a self-sustaining bio-receptive concrete panel for 
facade application. Sustainability 13:7453. https://​doi.​org/​
10.​3390/​su131​37453

	35.	 Vázquez-Nion D, Silva-Hermo B, Prieto B (2018) Influ-
ence of the properties of granitic rocks on their biorecep-
tivity to subaerial phototrophic biofilms. Sci Total Environ 
610–611:44–54. https://​doi.​org/​10.​1016/j.​scito​tenv.​2017.​
08.​015

	36.	 Beysens D, Mongruel A, Acker K (2017) Urban dew and 
rain in Paris, France: occurrence and physico-chemical 
characteristics. Atmos Res 189:152–161. https://​doi.​org/​
10.​1016/j.​atmos​res.​2017.​01.​013

	37.	 Kidron GJ, Temina M, Starinsky A (2011) An investiga-
tion of the role of water (rain and dew) in controlling the 
growth form of lichens on cobbles in the Negev Desert. 
Geomicrobiol J 28:335–346. https://​doi.​org/​10.​1080/​
01490​451.​2010.​501707

	38.	 Barberousse H, Tell G, Yepremian C, Couté A (2006) 
Diversity of algae and cyanobacteria growing on building 
façades in France. Algol Stud 120:81–105. https://​doi.​org/​
10.​1127/​1864-​1318/​2006/​0120-​0081

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://hal.science/hal-01053366
https://hal-emse.ccsd.cnrs.fr/emse-01206843
https://hal-emse.ccsd.cnrs.fr/emse-01206843
https://doi.org/10.1016/j.buildenv.2022.109451
https://doi.org/10.1016/j.buildenv.2022.109451
https://doi.org/10.1016/j.jobe.2023.107201
https://doi.org/10.1016/j.jobe.2023.107201
https://doi.org/10.1016/S0008-8846(97)00177-4
https://doi.org/10.1016/S0008-8846(97)00177-4
https://doi.org/10.1016/S0730-725X(98)00069-1
https://doi.org/10.1016/S0730-725X(98)00069-1
https://doi.org/10.1007/s12665-022-10186-2
https://doi.org/10.1007/s12665-022-10186-2
https://doi.org/10.1088/1757-899X/1245/1/012008
https://doi.org/10.1088/1757-899X/1245/1/012008
https://doi.org/10.1016/j.rser.2014.11.029
https://doi.org/10.3390/su13137453
https://doi.org/10.3390/su13137453
https://doi.org/10.1016/j.scitotenv.2017.08.015
https://doi.org/10.1016/j.scitotenv.2017.08.015
https://doi.org/10.1016/j.atmosres.2017.01.013
https://doi.org/10.1016/j.atmosres.2017.01.013
https://doi.org/10.1080/01490451.2010.501707
https://doi.org/10.1080/01490451.2010.501707
https://doi.org/10.1127/1864-1318/2006/0120-0081
https://doi.org/10.1127/1864-1318/2006/0120-0081

	Understanding bioreceptivity of concrete: material design and characterization
	Abstract 
	1 Introduction
	2 Material and methods
	2.1 UHPC mix
	2.2 UHPC samples
	2.3 Roughness
	2.4 pH measurements
	2.5 Water retention

	3 Results
	3.1 UHPC mix
	3.2 UHPC samples
	3.3 Roughness
	3.4 pH measurements
	3.5 Water retention

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


