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Abstract As humanity looks to the stars for future
colonies, mastering the science of construction in
space begins with a deep understanding of how mate-
rials perform in extraterrestrial environment. This
study pioneers investigations of microgravity effects
on cement paste bulk properties. Samples, produced
in defined cylindrical shapes on the International
Space Station (ISS), allowed for the first-time deter-
mination of macroscopic compressive strengths of
microgravity samples. A thorough analysis revealed
significant impacts on composition, density, and
porosity, with compressive strength (—19%) and
Young’s modulus (—5.5%) lowered due to increased
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overall porosity (+12.3%). Unexpectedly, the addi-
tion of an air-entraining agent resulted in lower
overall porosity (—8.7%) and higher compressive
strength (+18.6%) in microgravity samples as com-
pared to normal gravity (g) on earth. While this effect
was consistent across the tests, the underlying cause
remains unresolved. Ground-based microgravity
simulators like the clinostat and the random position-
ing machine partially replicated microgravity effects,
revealing the challenges of simulating actual micro-
gravity. Achieving homogeneity and preventing large
air voids require optimization of the manufacturing-
concrete mixing processes, but nevertheless the find-
ings underscore the feasibility of high-quality con-
crete production in microgravity.

Keywords Compressive strength - Curing -
Microgravity - Pore size distribution - Porosity -
Microgravity simulation - Air-entraining agent

1 Introduction

More than five decades following the Apollo 17
mission, NASA’s Artemis program is dedicated to
sending humans back to the Moon. The program
focuses on establishing a sustained human presence
on the lunar surface [1]. To allow a permanent pres-
ence on the moon, infrastructure like landing pads
and habitats need to be established. Therefore, suit-
able building materials and building processes must
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be identified that allow building in a low gravity and
no-atmosphere environment. NASA’s Moon-to-Mars
Planetary Autonomous Construction Technology
(MMPACT) project is currently investigating dif-
ferent approaches for autonomous construction in
extraterrestrial environments, including construction
methods based on cementitious materials [2].

Concrete is the most widely used building mate-
rial on Earth, but it is unclear if it can compete in
space. Some thoughts on the use of concrete for the
construction of lunar habitats and space stations were
already made at the end of the 1980s [3, 4]. The first
concrete experiment in microgravity was carried out
back in 1994 [5, 6]. During the shuttle flight (STS-
68) one single cylindrical concrete sample should be
produced. However, the piston in the mixing cham-
ber, which was meant to compress the fresh mixture
and reduce air voids, jammed mid-flight. As a result,
the mixing was incomplete, and the concrete speci-
men had an irregular shape. Despite the issue, the
test confirmed that microgravity significantly affects
concrete behavior. Post-flight analysis revealed non-
uniform density distribution and high air void content
with irregular shaped and large air voids. Microstruc-
tural examination showed increased porosity and the
formation of smaller, more irregular calcium silicate
hydrate (C—S—H) and ettringite crystals compared to
Earth-based samples. [8]

Much later, in 2014, experiments on early cement
hydration and crystal growth were performed dur-
ing parabolic flights, which provide 20-22 s of
microgravity. Using a special setup with syringes
and valves, hydration was initiated and stopped with
acetone after 10 s. More ettringite crystals formed
in microgravity, but they were smaller due to slower
growth. A lack of convection was postulated as
the cause for this phenomenon [9]. The addition of
superplasticizer showed that polymers affect crys-
tal size by adsorbing on ettringite surfaces [10]. The
experiments also showed that calcium silicate hydrate
(C-S-H) crystals were smaller but more numerous in
microgravity than under normal gravity [10, 11].

Only recently, researchers from the Pennsylvania
State University (PSU) systematically examined the
solidification of cement paste components in micro-
gravity on the International Space Station (ISS). As
part of the Microgravity Investigations of Concrete
Solidification (MICS) project, 120 samples from 16
different mixtures were produced, the most of them

by the German ESA astronaut Alexander Gerst. The
experiments covered diverse cement compositions,
investigating hydration processes and crystal growth.
In the first published study a tricalcium silicate (CsS)
paste with a high w/c ratio of 2.0 was analyzed [12].
It was demonstrated that microgravity affected crys-
tal morphology of these samples and the Portlandite
crystals grew larger and flatter due to reduced bleed-
ing effects caused most likely by the absence of con-
vection. Microgravity samples exhibited increased
porosity and larger pore diameters, albeit the degree
of hydration was comparable between 1g and micro-
gravity samples [12]. Further MICS investigations
on tricalcium aluminate (CsA) and gypsum pastes
with a w/c ratio of 1.0 showed that microgravity
also affected early hydration in these systems [13].
In CsA-gypsum mixtures with higher gypsum con-
tent, gypsum crystals exhibited pronounced striations
under microgravity. In mixtures with lower gypsum
content, a thin reaction shell outlining the origi-
nal gypsum morphology was observed during early
hydration [13].

As part of the MICS experiments the Techshot
Multi-use Variable-gravity platform (MVP) on the
ISS was used to cure cement paste samples under var-
ious gravity conditions [14]. For the investigated mix-
ture with a w/c ratio of 0.5, nanoindentation studies
revealed no significant differences in micro-mechan-
ical properties of the cement paste components with
varying gravity. This suggests that the composition
and structure of hydration products remain mainly
unaffected by gravity. Changes in air void structures
were observed with lower gravity leading to higher
air void content [14].

The research on concrete in microgravity deliv-
ered valuable insight in cement hydration processes,
but up to now, no data on the most important prop-
erty of concrete, the compressive strength, has been
measured for microgravity samples. Therefore, the
MASON (Material Science on Solidification of
Concrete) research project was launched to investi-
gate the structural properties of space concrete. The
project was conducted by the Institute for Struc-
tural Concrete (ISC) at the University of Duisburg-
Essen (UDE), in collaboration with the Institute of
Theoretical Physics at the University of Cologne
(UZK) and the Institute of Medical Engineering at
the Hochschule Luzern (HSLU), with support from
the German Aerospace Center (DLR). A manual
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concrete mixer was developed, which was used to
produce overall 400 concrete or cement paste speci-
mens, 64 of them in microgravity (pg) on the ISS.
The samples were made from 20 different mixtures
and exhibited a defined cylindrical shape [15]. As
part of the overall project, a significant number of
samples were produced under Earth gravity (1g)
and simulated microgravity conditions, both for
pretests and for final comparisons. In an innovative
approach a clinostat (C) and a random position-
ing machine (RPM) were used to subject concrete
to simulated microgravity [16]. Establishment of
simulation technologies are of great importance
for future constructions in space and constitute an
important basis for building in different gravity
conditions.

This study focuses on the effect of gravity
on porosity and the mechanical properties of 46
cement paste cylinders made from two differ-
ent mixtures. Previous investigations prompt that
porosity increases in microgravity compared to
ground samples [12]. The influence of the increased
porosity on the mechanical properties has not been
clarified in the investigations carried out so far.
In addition, the behavior of air-entraining admix-
tures under microgravity conditions has not been
explored. While terrestrial cement was used to pro-
vide a controlled baseline, extraterrestrial construc-
tion materials may differ in composition and reac-
tion kinetics. Nevertheless, the observed trends in
porosity and mechanical behavior are expected to
reflect fundamental gravity-dependent effects rel-
evant to a broader range of binder systems. This
work addresses these gaps by systematically exam-
ining how both microgravity and simulated micro-
gravity conditions affect porosity, compressive
strength, and elastic moduli, providing a founda-
tion for understanding gravity-dependent effects in
binder materials and their potential implications for
extraterrestrial construction.

2 Material and methods
2.1 Materials and mixture composition

In the MASON project 64 specimens made from 20
different mixtures were produced on the ISS, which
varied in terms of binder (CEM I 42.5 N and 52.5
R), aggregate (quartz sand, CEN standard sand
and EAC-1A regolith), and additives (air-entrain-
ing agent and superplasticizer). This study focuses
on two mixtures, R and R-AEA, from which three
specimens were produced on the ISS and twenty
on Earth for each mixture, resulting in a total of 46
specimens investigated in this study (see Table 1).
A fine grade (Blaine 5,250 cm?/g) ordinary Port-
land cement CEM 1 52.5 R (Milke Premium, Hei-
delberg Materials) was used, either with water alone
(mixture R) or water with 4% air-entraining agent
(mixture R-AEA, MasterAir 102, Master Build-
ers Solutions). The air-entraining agent (AEA)
based on olefin sulfonate was diluted in the mixing
water to a concentration of 4% by mass of the water
(approximately 160 mL per 100 kg of cement). The
AEA dosage used in this study was not selected to
achieve a predefined target air content, as in conven-
tional air-entrained concrete. Instead, the maximum
dosage permitted by the NASA/ISS toxicological
safety assessment was used to intentionally create a
distinctly modified air-void system with more pro-
nounced pores. This enhanced the contrast between
samples and enabled a more robust analysis of the
influence of gravity on pore formation and distribu-
tion in cement paste.The water/cement ratio was set
to 0.40. As the composition of the ISS water fluctu-
ates, very low mineral content water with a maxi-
mum conductivity of 6 pS/cm was used for all sam-
ples. The same water source was used for the ISS,
1g, and simulated microgravity specimens to ensure
comparability.

Table 1 MASON mixtures

. Mixture ID Admixture Cement Water Ratio w/c AEA con- Sample count
R and R-AEA (material for centration
one MCM sample)
(g] [%]
R - 21.5 0.40 - 23
R-AEA AEA 21.5 0.40 4.00 23

niem
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2.2 Sample preparation and production
2.2.1 Sample types, production and storage

Experiments on the ISS are conducted in one of the
most challenging environments imaginable, with
unique demands that far exceed those of terrestrial
experiments. The high costs, limited sample quanti-
ties, and strict safety protocols create an exception-
ally difficult situation. Space missions in materials
science are inherently complex due to factors such as
the need for precise control over experimental con-
ditions, the challenge of ensuring sample integrity
during transportation and storage, the limited avail-
ability of resources and equipment, and the difficulty
of conducting real-time monitoring and adjustments
in a remote, microgravity environment. For exam-
ple, cement is considered as NASA’s toxic hazard
level THL-2 and thus must at all times be enclosed

Fig.1 a MASON Concrete
Mixer (MCM), b German
ESA-astronaut Matthias
Maurer during the ISS
experiment (credit NASA/
ESA)

within three independent levels of containment to
meet safety requirements on the ISS. To address these
extreme constraints, the MASON concrete mixer
(MCM, detailed description in [15], Fig. 1) was spe-
cifically developed, enabling the production of cylin-
drical concrete specimens under these demanding
conditions.

With the MCM, concrete and cement paste sam-
ples were produced with a cylindrical shape of 30
mm in diameter and approximately 50 mm in length
(Fig. 2). The MCM was filled with 54 g of cement and
closed. 21.5 g water with or without 4% air entraining
agent was injected. The components were mixed by
hand for 2 min. The mixer blade was retracted and the
sample compressed. During compression, excess air
was displaced through an exhaust/filter system. The
filter was required because the MCM had to remain
a sealed containment system for ISS safety reasons
and prevent the release of cement particles. A more

(c) |

R———— 4 Disc2

Fig. 2 a Extracting the sample from the MCM, b sample shape, ¢ and d division of the sample
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detailed description of the production process can
be found in [15]. All in all, the MCM proved to be
suitable for the production of concrete specimens on
board the ISS in the intended way. However, if liquid
reached and clogged the filter, further air displace-
ment was hindered and the piston could not fully
compress the sample to the nominal final volume.

For each mixture (R and R-AEA), five types of
samples were produced and solidified under differ-
ent gravitational conditions. For a complete list of the
samples refer to Appendix Table 8:

(1) Earth gravity in vertical, upright position (1g-V),
sample count 6 (R) and 4 (R-AEA),

(2) Earth gravity in horizontal, lying position (1g-H),
sample count 6 (R) and 6 (R-AEA),

(3) Simulated microgravity in the clinostat (C), sam-
ple count 5 (R) and 7 (R-AEA),

(4) Simulated microgravity in the random position-
ing machine (RPM), sample count 3 (R) and 3
(R-AEA),

(5) Microgravity on the ISS (pg), sample count 3 (R)
and 3 (R-AEA).

The terrestrial reference specimens were pre-
pared in two orientations (1g-V and 1g-H) to inves-
tigate potential orientation-dependent microstructural
effects caused by gravity during hardening. As no
systematic differences were observed in the measured
bulk properties and no microstructural analysis is
included in this paper, both groups are combined and
referred to as "1g" throughout the manuscript unless
stated otherwise. The gravity simulators are usu-
ally used in gravitational biology [17-20] and were
validated for concrete in previous investigations [16,
21]. Following the approach of these previous stud-
ies, the rotating speed and time of the clinostat was
set between 5 and 50 revolutions per minute (rpm) for
24 h, while for the RPM the random walk algorithm
(60°/s) was applied to simulate the effects of micro-
gravity. The selected rotation speed depends on the
convective velocity of particles and air bubbles within
the investigated suspension and therefore on its vis-
cosity. The minimum speed must be sufficiently high
to keep the radius of the particle and bubble trajec-
tories as small as possible, thereby minimizing grav-
ity-induced motion. Conversely, the maximum speed
is limited by the resulting centrifugal acceleration,
which was kept below 1072 g to ensure microgravity

conditions. Data on the residual acceleration levels
for the clinostat can be found in the Supplementary
Material. The clinostat works by continuously rotat-
ing the sample around a single horizontal axis, effec-
tively averaging the gravitational vector over time to
near zero. In contrast, the RPM rotates the sample
along two independent axes in a random pattern, cre-
ating a more complex motion as described in [22].
Both methods reduce the net gravitational effects on
the sample, mimicking certain conditions of micro-
gravity during the setting and early hydration phases.

For optimal comparability, all samples — ISS, 1g,
C and RPM - were prepared, handled and analyzed
identically with precise step-by-step protocols, only
differing in the equivalent gravity during curing.
Although the MCM provides a sealed environment,
all samples were exposed to identical external condi-
tions matching those on the ISS: 23+1 °C tempera-
ture and 38+1% relative humidity. After the samples
were returned to the team on Earth, 287 days after
mixing, the MCMs were stored in a lab with humidity
control, maintained at less than 30%.

All samples were stripped, inspected and photo-
graphed from all sides and unexpected characteristics
were documented. The 50 mm cylinders were labeled
on the top, measured and initially weighed. After 301
days of curing, the samples were soaked in isopro-
panol to displace residual water and stop hydration
[23-25]. The samples remained in isopropanol for
6 weeks and the weight under buoyancy was deter-
mined. Afterwards the samples were dried in an oven
at a maximum temperature of 40 °C until constant
mass was reached and the dry weight was determined.
This gentle drying of the samples was used to avoid
damaging hydration products such as ettringite [26].
To eliminate the possibility of carbonation, the sam-
ples were then stored in sealed containers filled with
nitrogen [25]. The humidity in the storage chamber
was maintained at below 30%. A detailed timeline of
sample processing is provided in the Supplementary
Material.

2.2.2 Sample processing and precision cutting

After extracting the sample from the MCM, the ini-
tial inspection and the non-destructive tests on the
untreated 50 mm cylinders were done (for process
overview see Table 2). Subsequently, the samples
were cut as depicted in Fig. 2: a cylinder of 30 mm
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Table 2 Overview of the methods

No Method Sample state

Description

1 Inspection, survey and weighing

2 Calculation of total porosity
3 Helium pycnometry

Ultrasonic measurements complete cylinder

5  Computed tomography complete cylinder

6  Mercury intrusion porosimetry

7  Determination of air pores on discs 30 mm discs (complete cross-sectional

area)

8  Uniaxial compression tests cut cylinder

complete cylinder and cut cylinder

complete cylinder and cut cylinder
Fragments, ground (5-6 g)

Fragments, crushed (2 g)

Specification of external characteristics,
weight, dimensions and bulk density

With bulk and skeletal density [23]
Determination of skeletal density

Identification of local, large defects, stiffness,
E-modulus, differences in upper, middle
and lower sample parts

Complete 3D record of distribution of
mixture ingredients. Identification of air
pore shape, sizes and content > 96 pm pore
diameter

Distribution of air pores > 3.6 nm to
approximately 112 pm diameter

Examination of cross-sectional area to study
distribution of mixture ingredients. Identi-
fication of air pore shape, sizes and content
> 10 pm diameter

Determination of compressive strength

length and 4 cross-sectional discs of 2-3 mm thick-
ness, 2 from the top and 2 from the bottom. The
slices were cut using a Struers Secotom 50 automatic
precision cutting machine with a 0.40 mm slim dia-
mond blade and waterless coolant, minimizing stress
buildup. The slices were ground using silicon carbide
wheels with different grit sizes and isopropanol as a
lubricant as described in [21].

2.3 Experimental methods
2.3.1 Overview

As microstructural changes in cementitious materials
under microgravity have been investigated in previous
studies [12], this work concentrates on bulk proper-
ties—namely porosity and strength—which are decisive
for structural performance and can, for the first time, be
quantified using well-defined cylindrical specimens.
The experimental methods used to assess the effects of
different gravitational conditions on pore structure and
mechanical behavior are summarized in Table 2.

As the pore system has a considerable influence
on the properties of the hardened concrete [27-30],
the pores must be recorded for the entire size range of
the pores. For different pores sizes, various test meth-
ods must be used [31]. The capillary pores, which
are particularly indicative of the strength due to their

cross-linking, can be assumed to spand the. 10 nm to
10 micron range [17, 32, 33]. The analysis methods
used and optimized here are suitable for detecting the
pore system from a few nanometers up to several mil-
limeters (see Fig. 3). The experimental setup is shown
in the Supplementary Material.

2.3.2 Determination of bulk density, skeletal density
and total porosity

The porosity (P) is calculated using the bulk (p,) and
skeletal density (p,) [17] with

P=1-p,/p, (1)

The measurement of the bulk density according to
DIN 66137-1 [34] requires the determination of both
mass and bulk volume, where the mass is measured after
stripping and drying (balance accuracy 0.01 g, digital
caliper accuracy 0.01 mm). For cement paste specimens,
the bulk volume, consisting of solid and pore volume,
is calculated from the measured diameter and height
according to DIN 12390-7 [35]. Skeletal density is
determined from ground fragments of the sample by the
pycnometer method, using helium displacement and the
Boyle-Mariotte law (Porotec Pycnomatic-ATC, accu-
racy +0.01%, balance with +0.0001 g). Volume deter-
mination by immersion weighing in isopropanol based
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Scale

Sample part

10° | 10® | 107 | 10® | 10®° | 10

10% | 10 | 10" | 10°

nm pum mm | cm m
Mercury intrusion porosimetry Pieces of approx. 1cm?
Computed tomography Complete cylinder
Analysis Light microscope | Cross-sectional areas
method | ultrasound Complete cylinder

Visual inspection Cylinder surface

Calculation of total porosity

Complete cylinder

Fig. 3 Pore scales and corresponding analysis methods used in this study

on Archimedes’ principle is also used as a control. This
method provides a measure of the open (helium-accessi-
ble) porosity of the entire cylinder.

2.3.3 Ultrasonic measurement

The ultrasonic measurements were performed similar to
DIN EN 12504-4 [36] at DLR Cologne using a digital
oscilloscope with built-in signal generator (Picoscope
5000), a bipolar high-frequency/high-voltage linear
amplifier (Cosinus HSA-4011), a pre-amplifier with
high-pass filter (Olympus 5682) and Picoscope 6 soft-
ware. Following Maruyama’s approach [37], 1.8 MHz
P-wave pulses were applied in radial and longitudinal
direction to the cement paste specimens and measured
in transmission. Radially, 24 measurements (8 meas-
urement points each at the top, center and bottom, see
Fig. 7) and one measurement per cement paste cylinder
in the longitudinal direction were performed. The piezo
transducer and receiver (Panametrics V103-RM) had a
diameter of 13 mm and were coupled to the sample with
high-viscosity (200,000 cSt) silicone oil. The time-of-
flight was determined from the first arrival using a small
threshold applied to normalized data. The length/thick-
ness of the sample was measured separately for each
position using a caliper. The ultrasound attenuation pro-
vided information about defects, where extremely weak
received signals indicate the presence of large voids (> >
Imm) between emitter and receiver. The data allowed
calculation of (P-wave) sound speed ¢, and dynamic
modulus of elasticity by

1+v)1-2v)
Edyn = TC; P

2

based on the Poisson ratio v~0.2, here assumed con-
stant and equal for all mixtures after long-duration
hardening, in-line with [37], and density (p). As the
actual Poisson ratio may depend on the detailed com-
position of the sample [36], a dedicated investigation
using shear wave measurements may be performed in
the future.

The ultrasound measurement uncertainty is a statisti-
cal uncertainty from the errors in time-of-arrival of the
excitation signal 6t = +0.01pus and the received sig-
nal 61, = 6t, both measured via digital oscilloscope at
a threshold of 4% of peak height, as well as from the
length 6L = +0.5 mm and diameter 6D = +0.05 mm,
measured via caliper. The larger error for the cylinder
length results from uneven geometry of the top end
of the samples. Since the radial measurements were
more accurate, due to the highly reproducible diameter
amongst all MCM samples, only these results are shown
in Fig. 7 and 8. The overall error from Gaussian error
propagation, via

sc 8t\* (8D’

?‘\/2'<E> (%) )
is 0.2% for typical Ar =~ 8us and D =~ 30 mm. For
typical ¢ = 3.5 km/s this gives 6c =~ 0. 009 km/s. It
should be noted that the measured spread in times-
of-arrival for different positions at the same sample
is usually between 0.1 and 0.3 s and the spread
between different samples of the same mixture and
setting conditions (without severe defects obstruct-
ing the ultrasound transmission) is usually within 0.2
us, which are both much larger than the measurement
error ot.
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2.3.4 Computed tomography

Computed tomography (CT) was used to create digi-
tal three-dimensional volume images of entire cement
paste samples to identify the open and closed pore sys-
tem and local defects [39]. A Zeiss Metrotom 1500 with
a tube voltage of 210 kV, a projection number of 3000
and the reconstruction algorithm according to Feld-
kamp was employed for the CT investigations. Tomo-
grams of four cement paste cylinders (50 X 30 mm)
could be generated with a resolution of 39 um in 30 min
per scan with a measurement uncertainty of 0.6 um as
established by the last calibration of the CT system.

The porosity of cement paste samples is evaluated
by first applying a bilateral filter to reduce Gaussian
noise while preserving pore edges. Afterward, the vox-
els are binarized using Otsu’s method to separate the
solid phase from voids, allowing for the calculation of
solid volume. Porosity (P) is then determined by

P=1-V/V, 4)

where V is the solid volume and V, is the total vol-
ume. The individual pore volumes and surface areas
are computed using a marching cubes algorithm, ena-
bling the calculation of pore sphericity (y) based on
surface area (Sa,) and pore volume (V) [40]:

w =4/36xV,/Sa, 3)

A minimum pore size of 9 voxels is applied to the
sphericity data to avoid capturing flawed aliasing
behavior caused by insufficient data points.

A sensitivity analysis was conducted on the banali-
zation method to evaluate its robustness for the given
samples. The method proved to be highly reliable: when
the threshold value was varied by +5%, the resulting
porosity changed by no more than +2% or —1%. The
most sensitive responses were observed in the AEA
samples, which also exhibited the highest density vari-
ation. Intensity histograms confirm that the selected
threshold consistently falls within the valley between
the peaks representing solid and void phases. Since the
threshold was determined using a uniform algorithm
across all samples, the segmentation procedure remains
consistent and comparable across the dataset. Also the
defect analysis using threshold values with the VGSTU-
DIO MAX software [41] was used for some samples to
verify the evaluation method (see [21]).

2.3.5 Mercury intrusion porosimetry

For determining the pore size distribution of cement
paste samples using mercury intrusion porosimetry
(MIP) [23, 25], fragments — obtained from the com-
pression tests — with a volume of approximately 1 cm?
and a mass of about 2 g are taken from the core of
each sample and first dried for four weeks in a desicca-
tor containing silica gel. After reaching mass consist-
ency, the fragments are carefully crushed to a suitable
size for analysis. Then the fragments are placed in the
sample container of the porosimeter, the air is evacu-
ated and afterwards filled with mercury. The pressure
is increased continuously or gradually to force the
mercury into the pores. The Washburn equation

r, =2ycosd/Ap (6)

is used to determine the pore size distribution via
the relationship between the pressure (Ap) and the
amount of mercury [42]. The surface energy den-
sity y of the mercury is set to y = 0,480N/m and the
interfacial angle of 8 = 140° is used to determine the
pore radius (rp), which are commonly adopted values
for MIP analysis of cementitious materials [42]. The
Washburn equation assumes idealized circular cylin-
drical pores and this assumption is acceptable here
because MIP is used for comparative evaluation of
similar specimens [43].

For the MASON samples, the MIP measurements
were carried out with the Pascal 140/440 porosim-
eter from Thermo Scientific Fisher in accordance
with DIN-ISO 15901-1 [44]. A maximum pressure
of 400 MPa via a low- and high-pressure unit was
applied. Thus, pores from 3.6 nm to a maximum
diameter of 112 pm could be recorded. Two frag-
ments from each sample were used for the MIP.

2.3.6 Inspection of disc surfaces with high resolution
scans and automated pore detection

The blank, polished disc surfaces were scanned using
an Epson Perfection V600 scanner at 4800 dpi (reso-
lution of 5.29 pm) and the result saved in the png for-
mat. With this resolution, details on the surface can
be examined at around 50X magnification.

An automated procedure, similar to [45] and
detailed in [46], was employed for the air pore anal-
ysis of the discs. The ground sample surfaces were
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colored black using a permanent marker (Edding
850), pressed into white barium sulfate powder with
an average grain size of approximately 2 pm, and
rotated to fill the pores. After removing the excess
powder with a silicone spatula, the prepared sam-
ple was scanned a second time. The analysis was
performed with a Matlab code developed at the ISC
and provided the pore content and distribution over
the cross-sectional area in a few seconds. Based on
[46, 47], threshold values between 75 and 95 were
selected and validated by manually counting the air
voids in microscopic images (Keyence VHX-7000N
microscope). In contrast to the conventional air void
determination of hardened cement paste according to
the standards [48, 49], no lines were drawn, but the
entire cross-sectional area was evaluated. From each
sample, 6 disc areas were examined, 3 from the upper
and 3 from the lower part of the cylinder, with a total
area of. A,,,,; ~ 6 - 700 = 4200mm?>.

2.3.7 Compressive strength tests

The compressive strength of the cylinder samples was
determined using destructive, uniaxial compression
tests in accordance with DIN EN 12390-3 [50] and
a test device specification in accordance with DIN
EN 12390-4 [51]. The specimen was centered on the
compression plate and loaded at a rate of 0.6 MPa/s
to failure. The compressive strength (f,) can be cal-
culated from the fracture load (F) and the cross-sec-
tional area of the specimen (A,) with

Je=F/A, @)

2.4 Statistical evaluation

Statistical analyses were conducted to assess differ-
ences in compressive strength, porosity and elastic
properties among gravity conditions (1g, clinostat,
RPM, and pg) and mixtures (R and R-AEA). One-
way analysis of variance (ANOVA) was used to
evaluate overall differences between groups, fol-
lowed by Fisher’s Least Significant Difference
(LSD) test for pairwise comparisons where ANOVA
indicated significance [52]. Due to the limited num-
ber of replicates, differences were considered sig-
nificant at p < 0.05.

3 Results
3.1 Sample inspection and shape

The inspection of the MCMs returned from the ISS
revealed that samples R-34, R-AEA-56 and R-AEA-
57 were not fully compressed due to filter clogging.
Here the fresh cement paste occupied a larger vol-
ume assisted by the absence of gravity. Samples that
were not fully compressed were not excluded from
the analysis because they represent a relevant process-
related outcome of cement paste production in micro-
gravity. The control of the final sample volume and
the removal of large cavities are critical aspects of the
production process. Whenever their properties differ
clearly from those of the fully compressed samples,
their results are shown or discussed separately. Oth-
erwise, they are included in the overall dataset to rep-
resent the complete outcome of the ISS experiment.

The pg-samples that were not fully compressed
are significantly longer (+10 mm), larger in vol-
ume and have local defects or large cavities in some
areas (see Fig. 4). Apart from this anomaly, no
other different external characteristics were found
in the samples of the mixtures examined here. All
fully compressed samples from these mixtures look
similar irrespective of their gravity state.

3.2 Computed tomography

With the CT analysis, it is possible to examine the
interior of the cement paste samples. The pore size
distribution and sphericity were determined by the
method described in chapter 2.3.4, allowing pores
with a volume of 0.000524 mm? or equivalent sphere
diameter greater than 100 pm to be detected. The
pores can be visualized so that a general distribution
can be seen directly (Fig. 5).

As expected, the 1 g samples of mixture R showed
the lowest porosity (Fig. 6), with predominantly small
pores and only a few larger ones (diameter > 2 mm) con-
centrated near the top of the sample (Fig. 5). In contrast,
the R pg samples exhibited a much higher porosity with
numerous larger pores distributed relatively uniformly
throughout the height of the sample, as anticipated based
on observations from previous microgravity experi-
ments [12]. These pores were generally more spherical.
The simulation results for the R C and R RPM sam-
ples effectively replicated the pore distribution seen in
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microgravity, both showing more and larger pores com-
pared to the R 1 g samples. However, differences in sphe-
ricity were observed: while the R C samples matched
the R pg samples, the R RPM samples exhibited fewer
spherical pores, even less than the R 1 g samples. This is
likely because uniform rotation in the clinostat facilitated
better formation of spherical pores compared to the ran-
dom, abrupt movements of the RPM.

With the addition of the AEA, the results changed
significantly. As expected, the R-AEA 1 g samples devel-
oped far more pores (approximately +180%, Fig. 6), with
buoyancy-driven accumulation towards the upper regions
of the sample (Fig. 5). This upward pore migration was
not observed in the R-AEA pg, C, or RPM samples,
which instead showed surprisingly a lower overall poros-
ity. The pore size distribution of the R-AEA 1 g and pg
samples was very similar. The distribution of the pores in
the R-AEA pg samples remained directionally uniform,
but there were more pores near the bottom, while the
R-AEA C and RPM samples displayed an even distribu-
tion with some larger pores in the center. Pore shape was
relatively consistent across the R-AEA pg, C, and 1 g
samples. However, the RPM produced the least spheri-
cal pores. This suggests that the changing direction of the
motion influences the sphericity of the pores.

3.3 Ultrasound

The ultrasonic measurement was used to identify
local defects such as large pores and provide insight
into cement paste quality aspects such as homogene-
ity, porosity, hardness and density [53, 54]. A higher
sonic velocity corresponds to a higher hardness or
density of the material. Low sound velocities indicate
higher porosity [37]. The values exceeding the scale
of approximately 3.2 to 4.0 km/s are associated with
local defects and larger voids [55].

The mean values of all measurements for each
sample type of both mixtures are shown in Fig. 7.
As expected, the 1g samples show the highest sound
velocities for R (light bars, 3.89 km/s), while the val-
ues for the R pg samples (3.79 km/s) are lower due to
the higher porosity. The velocities of the samples pro-
duced under simulated microgravity are also lower,
with the values for the R C samples (3.77 km/s) being
slightly below and those for the R RPM samples (3.84
km/s) slightly above the values for the R pg samples.
ANOVA followed by Fisher’s LSD test revealed no
significant differences among the R sample types.

As expected, the measured ultrasonic velocities
of the R-AEA samples (Fig. 7, dark bars) are gener-
ally lower than those of the R samples. The ultrasonic
velocities of the R-AEA C samples (3.49 km/s) are
identical to those of the 1g samples, while the RPM
samples (3.62 km/s) show intermediate values between
the 1g and pg samples. Notably, the R-AEA pg samples
exhibit the highest velocities (3.73 km/s), whereas the
1g samples have the lowest; this difference is statisti-
cally significant. These findings are consistent with the
porosity results, as the R-AEA 1g samples displayed
higher porosity compared to the R-AEA pg samples.

From the individual measurements of the ultrasonic
velocities, conclusions can be drawn about the composi-
tion of the sample in different areas. The 8 radial meas-
urements were averaged so that four velocities per sam-
ple per region (top (grey), center (orange), bottom (blue),
Fig. 7) are shown in the diagrams (Fig. 8). The results for
the 1g samples of both mixtures illustrate the influence
of the degree of compression after mixing in the MCM.
Samples R-V-7 and R-AEA-V-7 were fully compressed,
whereas samples R-V-10 and R-AEA-V-8 were only par-
tially compressed. In the latter case, the mean ultrasonic
velocity is slightly lower, which can be attributed to the
lower compression. In addition, the values for the upper
sample area are the lowest, suggesting a higher poros-
ity due to buoyancy. This results in a plausible velocity
gradient for these uncompressed 1g samples with the
lowest values at the top and the highest values at the
bottom. In contrast, the two compressed 1g specimens
show an inverse gradient. Due to the compression in the
MCM, the upper part of the sample is obviously more
compacted than the lower part and therefore the highest
velocities for these samples are at the top.

A compressed sample (R-33 and R-AEA-58) and a
non-compressed sample (R-34 and R-AEA-57) were
also selected for the pg specimens. It is evident that
many values for the non-compressed samples exceed
the scale (missing in Fig. 8) and that these specimens
contain some big voids.

Table 3 Mean Dynamic Young’s modulus calculated from
ultrasonic measurements for different sample types in [MPa]

Mixture 1g-V C RPM ug 1 g/pg

R 26,683 25,597
R-AEA 19,190 19,730

26,420 25,301 1.05
21,830 23,591 081

*With skeletal density determined from the CT-Scans, trans-
verse strain coefficient 0.2
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Fig. 4 External appearance of a R-AEA and b R samples. a
from left to right: 1 g-V (R-AEA-V-9), 1 g-H (R-AEA-H-8),
C (R-AEA-C5-7), RPM (R-AEA-RPM-2) and pg-samples

For mixture R, all compressed samples show similar
distributions for the different sample types (1g, C, RPM,
pg). For the mixture R-AEA, on the other hand, larger
variations in the values for the RPM and pg samples can
be recognized, which indicates a higher inhomogeneity
of the components. The C samples generally show the
lowest variation, which are evidently very homogeneous
in composition due to the defined rotation.

The calculation of the dynamic Young’s modulus
(Table 3) clarifies the results of the ultrasonic meas-
urements. While the 1g samples show the highest and
the pg samples the lowest value for the mixture R, the
opposite trend can be observed for R-AEA. The values
under simulated microgravity are for both mixtures
in between and show that the simulation changes the
1g values in the desired direction and approximates
the results of the pg samples. ANOVA followed by
Fisher’s LSD test showed only a significant difference
between R-AEA 1g and pg samples. It is also impor-
tant to note that the dynamic Young’s modulus is sen-
sitive to variations in the transverse strain coefficient

(R-AEA-58, R-AEA-57, R-AEA-56). b from left to right: 1 g-V
(R-V-9), 1 g-H (R-H-10), C (R-C5-5, clinostat), RPM (R-RPM-
2) and pg-samples (R-32, R-33, R-34)

(see Supplementary Material) and was calculated here
based on an assumed value of 0.2 for all samples.

3.4 Bulk density, skeletal density and total porosity

After the CT scans and ultrasound measurements the
samples were cut to discs and 30 mm cylinders as
described in Sect. 2.2.2. The bulk densities of the 30
mm cylinders were calculated by measuring the dry
mass and the bulk volume. For mixture R, the 1g sam-
ples exhibited the highest mean density (1.812 g/cm?),
while the R pg specimens showed the lowest mean
density (1.590 g/cm?), a difference that was statistically
significant (Fig. 9a). The density values of the samples
produced by microgravity simulation (R C and R RPM)
were positioned in between the R 1g and R pg speci-
mens (no statistically significant differences). When
considering only the fully compressed R pg samples the
mean density (1.681 g/cm®) was higher, but still lower
than the density of the other R sample types.
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(a)
R 1g (V-7)

clinostat (C5-10)

RPM (RPM-3)

ISS (33)

(b)
R-AEA

1g (V-8)

Fig. 5 Transparent 3D perspective from the CT scans of the
samples of mixture a R and b R-AEA. R samples (top) from
left to right: 1 g (V-7), clinostat (C-5-10), RPM (RPM-3), ISS
(pg sample 33). R-AEA samples (bottom) from left to right:
1 g (V-8), clinostat (C-5-7), RPM (RPM-1), ISS (pg sample
58). The pores are shown in color depending on their size. All

The specimens of the R-AEA mixture showed a
different trend for the bulk density (Fig. 9a). Over-
all, the values for all sample types are similar, and

pores with a volume smaller than 0.52 mm?> or an equivalent
spherical diameter of approx. 1 mm are colored blue, while the
pores between 1 and 2 mm are shown in a rainbow color gra-
dient from blue to red. Pores with a volume greater than 4.19
mm? or an equivalent sphere diameter greater than 2 mm are

shown in red

ANOVA followed by Fisher’s LSD test indicated no
statistically significant differences between them.
Interestingly the compressed R-AEA pg samples had
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the higher bulk density (1.675 g/cm?) than the R-AEA
1g specimens (1.634 g/lcm®). This was unexpected but
corresponds very well with the results of the CT and
ultrasound measurements. The density values of the
R-AEA C samples were a bit lower (1.587 g/cm®) and
of the R-AEA RPM-samples higher (1.681 g/cm?)
than the density of the R-AEA 1g-samples.

(a) R poresize distribution (CT)
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Fig. 6 Plots of CT measurement for mixtures R and R-AEA.
a R and b R-AEA cumulative pore volume (mm?, y-axis)
versus binned pore volume (mm?®, x-axis) of the four sample
types 1 g (orange), C (grey), RPM (green) and pg (blue). ¢ R

Cumulative volume [mm?]

Proportion [%)]

Comparing the results from R and R-AEA, it is
plausible that for the fully compressed samples, the
mean values of the bulk densities of the sample types
from R are greater than those from R-AEA. The
standard deviation of the mean values of the bulk
densities is lower for the R-AEA mixture than for the
R mixture. For both mixtures it should also be noted

(b)  R-AEA pore size distribution (CT)

«—1g C *—~RPM  —e—pg
1400
1200
1000
800
600 —t *
400 A
200 +J°
0
1 10 100 1000
Binned volume of pores [mm?3]
(d) R-AEA pore sphericity (CT)
—lg C *—RPM  —*—ug
18
16
14
12
10
8
6 "\\
4 .,00'. '...:“ \a
2 og ;,LG)JW = N
3+ = » .\'\;
0 =
0.6 0.7 0.8 0.9

Binned sphericity of pores [-]

and d R-AEA proportion (%, y-axis) versus binned sphericity
of pores ([-], x-axis) of the four sample types 1 g (orange), C
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Fig. 7 a Mean values of
the sound speed for the
sample types 1 g, C, RPM
and pg of the mixtures

R (light grey bars) and
R-AEA (dark grey bars),
b Measurement points for
ultrasound analysis
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Fig. 8 Sound velocities of samples of the mixtures R and
R-AEA: R-V-7 (1 g), R-V-10 (1 g, not compressed), R-C5-5,
R-RPM-1, R-33 (pg), R-34 (pg, not compressed), R-AEA-
V-7 (1 g), R-AEA-V-8 (1 g, not compressed), R-AEA-C5-5,
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outside the scale are not shown and correspond to local defects
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that the uncompressed pg samples had a lower bulk
density than the other pg samples.

When examining the skeletal density results
(Fig. 9b), both mixtures display very similar values
across the different sample types, with the excep-
tion of the R pg specimens, which have a statistically
significantly lower skeletal density compared to the
other sample types within mixture R.

The overall porosity results (Fig. 10) are consist-
ent with the findings for bulk density. For mixture R,
the pg samples exhibit the highest porosity (31.8%),
while the 1g samples have the lowest (27.9%). How-
ever, this difference is not statistically significant. The
porosity values of the simulated microgravity samples
R C and R RPM specimens are in between. If only the
compressed R pg samples are considered, the values
(29.0%) are only slightly higher than those of the R
1g samples.

Although the porosity differences within the
R-AEA samples are overall small, the porosity of
the R-AEA pg samples (27.5%) is statistically sig-
nificantly lower than that of the R-AEA 1g speci-
mens (29.9%). The values of the R-AEA RPM sam-
ples correspond to those of the R-AEA pg samples,
while those of the R-AEA C samples are the highest.
ANOVA followed by Fisher’s LSD test revealed sig-
nificant differences between the R-AEA 1g and RPM
samples, 1g and pg samples, as well as between the C
and RPM samples and C and pg samples.

3.5 Inspection of disc surfaces with high resolution
scans and automated pore detection

As an example, one slice of each sample type of the
two mixtures is shown in Fig. 11. Looking at the high-
resolution scans of the polished, blank slices, there are
hardly any differences in the composition between the
individual sample types at the magnification achieved.
After inking, however, differences in pore geometry
become visible (Table 4). Since only pores larger than
10 pm are recorded, the pore contents are significantly

lower compared to the determination from the skeletal
and bulk density according to [17].

In mixture R, the 1 g samples have the lowest pore
content (2.86%) and many small pores can be detected.
The distribution over the cross section is therefore
very homogeneous. Slices 1 and 2, from the upper part
of the cylinder, tend to have higher pore contents in
the 1 g samples than slices 3 and 4 from the lower part
of the cylinder (see also [16]). This demonstrates that
air bubbles in fresh cement paste experience buoyancy
and rise against the force of gravity under 1 g condi-
tions, as expected. The R pg specimens have the high-
est pore content (6.84%, statistically significant differ-
ence), and more pores of larger diameter can be seen
due to the absence of buoyancy in microgravity. The
pore content of the R C and R RPM samples is also
higher than that of the R 1 g samples, and there are
more larger pores. Even though the total pore content
is slightly lower than that of the pg samples, the pore
distribution of the pg samples can be approximated
with the simulation devices.

For the R-AEA mixture, the differences in porosity
between the sample types are minor and do not reach
statistical significance. The R-AEA 1 g specimens
have the highest porosity (9.18%) and the R-AEA pg
samples have the lowest (7.93%). The values of the
R-AEA C and RPM samples are in between. The
average pore content of the pg specimens is only that
high because there were some large voids in the area
of the examined slices. As a result, the pore content
and pore size of the pg samples also varied widely
among the individual slices. The R-AEA 1 g speci-
mens have many more small pores, while the R-AEA
pg samples have more large pores likely due to lim-
ited fluid motion and bubble coalescence in micro-
gravity. As a result, the pore distribution across the
cross-section is significantly more homogeneous in
the R-AEA 1 g samples than in the R-AEA pg speci-
mens. The samples produced under simulated micro-
gravity also show more and larger pores.

Table 4 Mean air void

. . Mean air void content in [%]
content in [%] determined

by automated detection on Mixture lg C RPM ug 1 g/ug
disc surfaces with standard
deviation [%] [%] [%] [%] [-]
R 2.86+0.43 3.19+0.82 5.48+1.21 6.84+1.98 0.42
R-AEA 9.18+0.55 8.94+0.71 8.68+1.33 7.93+1.12 1.15
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Fig. 9 a Mean values of the bulk densities of the 30 mm cyl-
inders produced with MCM with standard deviation. b Mean
values of the skeletal densities of ground sample fragments

3.6 Mercury intrusion porosimetry

Taking into account the limitations of the measure-
ment method, such as the bottleneck effect and the
irreversible change in the pore structure after the
measurement [25, 56, 57], the MIP is suitable for
comparative studies on the pore size distribution of
similar concrete samples [58].

The porosity derived from MIPis shown in Table 5.
For mixture R, the porosity is slightly lower in the
1g samples (19.79%) compared to the pg samples
(20.92%), while higher values are observed for the R C
(28.33%) and R RPM specimens (23.07%). Statistical
analysis revealed a significant difference between the
R C samples and both the R 1g and pg samples. The
differences between the sample types are more pro-
nounced for the R-AEA mixture. The porosity of the
R-AEA 1g specimens (31.18%) is significantly higher
than that of the R-AEA pg samples (21.85%). The
values of the R-AEA C (24.99%) and RPM samples
(23.74%) are in between. Statistical evaluation indi-
cated a significant difference only between the R-AEA
1g samples and the other gravity conditions. The larg-
est number of pores of a given diameter is described by
the modal pore diameter, which is about 100 nm for all
sample types except R-AEA 1g (about 152 nm).

More interesting, however, are the plots of cumu-
lative pore volume versus pore diameter (Fig. 12a).
For mixture R, it can be seen that the curve of the pg
samples (blue) is clearly above that of the 1g samples

(b) Mean skeletal density
sample fragments
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(about 5 g), determined by helium pyknometry. 1 g (white),
C (light grey), RPM (grey), pg (dark grey,), pg* (black, only
compressed pg samples)

(orange) and thus contains significantly more pores.
Only for larger diameters from about 10 pm the R 1g
curve rises much steeper. Up to a diameter of about
100 nm, the curves for the specimens with simulated
microgravity (R C (grey) and R RPM (green)) are
identical to the curve of R 1g. For larger diameters, the
R RPM curve converges to the R pg curve, while the
R C curve shows a very steep slope from about 40 pm.

A better correlation between the results for
real and simulated microgravity can be seen for
the R-AEA mixture (Fig. 12b). There the curve of
R-AEA RPM (green) is almost identical to R-AEA
pg (blue) and the curve of R-AEA C (grey) also
shows a similar curve. The curve of the R-AEA 1g
sample (orange) is interesting. Up to a diameter of
about 100 nm, the R-AEA 1g curve is below the other
curves, and in the range from 100 to about 1000 nm,
the curve rises sharply. This means that most of the
pores are present in this range, and from about 300
nm there are obviously significantly more than with
the other pore types, so that the total porosity of the
1g samples is ultimately significantly higher.

3.7 Compressive strength tests

The compressive strength of concrete, which is the
most important mechanical parameter, is defined as
the maximum compressive stress a concrete speci-
men can withstand before failure. The development
of cracks leading to fracture is influenced by concrete
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Fig. 10 Mean values of the total porosity of the 30 mm cylin-
ders produced with MCM with standard deviation, calculated
with EQ1 with the values presented in Fig. 9 for bulk and skel-
etal density, 1 g (white), C (light grey), RPM (grey), pg (dark
grey, all samples from ISS), pg* (black, only compressed pg
samples)

porosity, particularly cross-linked capillary porosity.
The entire cross-sectional area is initially available
for load transfer and is gradually reduced with each
defect until the critical area is reached, which can no
longer transfer the load [28, 59]. The larger the defect,
the more the remaining area is reduced. Therefore
locally larger pores have a greater influence on the
strength than many small pores [60]. In the context of
studying the impact of microgravity on compressive
strength of cement paste samples, the MASON sam-
ples were the first examined at the macroscopic level
using cylindrical specimens.

Compressive strength testing of hardened cement
paste is known to exhibit greater scatter than stand-
ardized mortar or concrete tests. Previous studies
reported coefficients of variation of up to 10% for
cement paste [61], compared with approximately 7%
for standardized mortar tests according to ASTM
C109/C109M [62]. Therefore, strength differences
below this level are interpreted cautiously, par-
ticularly given the small specimen size and limited
number of samples.All tested samples were cured
for 301 days, dried with isopropanol and moderate
heating at 40°C, and stored in sealed nitrogen con-
tainers, where no further significant hardening does
occur due to the lack of available water for hydra-
tion. Following the completion of all nondestructive
tests, the pressure tests were conducted when the

samples were between 548 and 564 days old. The
mean values of the compressive strengths of the
C, RPM and pg samples of mixture R were simi-
lar (around 55 MPa), while the mean value of the
1 g was significantly higher (104.19 MPa, Fig. 13a).
Statistical evaluation confirmed that the 1 g samples
differed from all other gravity conditions, while no
significant differences were detected among the C,
RPM, and pg samples for mixture R. The differ-
ence in the compressive strengths can be plausibly
explained by considering the overall porosity of the
individual samples. Specimens with high poros-
ity exhibited correspondingly low compressive
strengths, resulting in an almost linear progression
between porosity and compressive strength of the
same sample type (Fig. 13d). In addition, the sam-
ples with high porosity also had an increased num-
ber of larger air voids further reducing compressive
strength. The 1 g-V (107.39+9.62 MPa) and 1 g-H
specimens (100.99+7.62) had a similar compressive
strength and the same porosity (0.268+0.01). The
highest strength of the pg samples was 84.54 MPa
(R-32) with a porosity of 0.273. Similar strengths to
those of the pg samples were achieved with both the
RPM and the clinostat at the same level of porosity.

For the R-AEA mixture, compressive strength
values are more comparable across the differ-
ent gravity conditions. As shown in Fig. 13a, the
R-AEA pg and RPM samples display higher mean
compressive strengths (approximately 66 MPa)
compared to the R-AEA C and 1 g samples
(55.99 MPa and 53.29 MPa, respectively). How-
ever, one-way ANOVA followed by Fisher’s LSD
post hoc test revealed no statistically significant
differences among all R-AEA gravity conditions.
Notably, when considering only the fully compacted
R-AEA pg samples, the mean compressive strength
increases to 75.87 MPa, which isa significant differ-
ence compared to the R-AEA 1 g samples. Looking
at the individual values and taking overall porosity
into account (Fig. 13e), there is good consistency
between the R-AEA C, RPM and pg samples. The
compressive strengths of the R-AEA C and RPM
samples were in the range of the R-AEA pg sam-
ples with similar porosity. Overall, the R-AEA pg
samples showed lower porosity and higher strengths
than the R-AEA 1 g specimens. Even the non-com-
pressed pg sample R-AEA-57 (57.63 MPa) showed
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Fig. 11 Complete slice with about 30 mm diameter of the
square area of the cylinders for mixtures R (top) and R-AEA
(bottom). In the top rows the polished, plain surfaces can be
seen and in the bottom rows the black-colored slices with the

a higher strength than most R-AEA 1 g samples
(53.73+6.86 MPa).

The porosity of the R-AEA 1 g samples was
increased compared to the R 1 g specimens and there-
fore the R-AEA 1 g samples displayed lower over-
all strengths. Looking at the compressed samples
only, the pg specimens of both mixtures have similar

pores filled with white powder. Example slices of the sample
types 1 g (first column), C (second column), RPM (third col-
umn) and pg (fourth column)

porosity and the R pg samples exhibit only a slight
increase in compressive strength. For both mixtures,
the simulation results are close to those of the pg
samples.

When examining the ultimate fractures, the speci-
mens generally displayed a failure pattern charac-
teristic of high-strength concrete (Fig. 13b and c).



Materials and Structures (2026) 59:394

Page 19 of 28 394

Table 5 Results of

) . . Mixtures Sample type Total porosity Mean pore Modal pore Porosity
MIP: Total pF)r 9s1ty with diameter diameter value/pg
standard deviation and
pore diameters of the four (%] [nm] [nm] (-]
sample types 1 g, C, RPM, R lg 19.79+0.49 55.51 111.78 0.95
pg for mixtures R and
R-AEA C 28.33+2.13 97.87 99.78 1.35

RPM 23.07+1.17 56.15 103.66 1.10
pg 20.92+0.89 27.73 99.18 1.00
R-AEA lg 31.18+1.78 89.94 152.67 1.43
C 24.99+1.21 53.59 94.53 1.14
RPM 23.74+1.26 43.84 106.74 1.09
pg 21.85+0.97 34.98 102.34 1.00
(a) MIP: R (b) MIP: R-AEA
—1g C ——RPM ———pg —1g C ——RPM ——pg
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Fig. 12 Plots of MIP measurement for mixtures a R and b R-AEA: Cumulative pore volume (mm®/g, y-axis) versus pore diameter
(nm, x-axis) of the four sample types 1 g (orange), C (grey), RPM (green) and pg (blue)

In samples with significant defects, failure predomi-
nantly initiated at those defect sites, as anticipated.

3.8 Correlation of porosity measurements and
mechanical properties

A range of porosity measurement techniques was
applied in this study, each with distinct advantages
and limitations (see Table 6 and 7). MIP provides
high-resolution pore analysis but is limited to small
sample fragments (approximately 1000 mm?®) and
detects primarily open and connected pores ranging
from a few nanometres up to 112 pm. CT, in contrast,

allows quantitative assessment of the entire cylinder
specimen (over 35,000 mm?®) and delivers a three-
dimensional model of all pores larger than 100 um,
regardless of whether they are open or closed. Optical
microscopy, although time-consuming and restricted
to two-dimensional analysis of prepared cross-sections
offers additional qualitative and quantitative insights
into porosity, for pores larger than about 10 um and
can provide information on pore shape and distribu-
tion. The overall porosity calculation, based on bulk
and skeletal densities, is a rapid and straightforward
method applicable to large specimen volumes, sensi-
tive to all open/connected pores larger than roughly 1
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nm, but does not provide any information on the size
distribution or morphology of the pores.

Although these methods target different aspects
of the pore system and use varying sample volumes,
their results generally show comparable trends with
regard to sample ranking within each mixture and
gravity condition. For example, in mixture R, samples
with higher porosity by MIP and overall measure-
ments also tend to have higher CT- and microscopy-
derived porosity. However, systematic differences
between methods are evident: CT and microscopy
consistently yield lower porosity values than MIP
and the overall calculation. This discrepancy arises
because CT and microscopy are limited to detect-
ing relatively large pores (>100 pm and >10 pm,
respectively), missing the fine and often numerous
micropores that can contribute substantially to overall
porosity and are captured by MIP and density-based
techniques. Furthermore, MIP and overall porosity
measure only the connected/open pore space, while
CT also include closed pores.

Despite differences between these techniques, the
trends in porosity generally aligned with the mechani-
cal properties. For mixture R, statistical analysis
revealed a significant difference in compressive
strength between the 1g samples and the other grav-
ity conditions, while differences in dynamic Young’s
modulus and ultrasonic velocity were not statistically
significant. In contrast, for the R-AEA mixture, a sta-
tistically significant difference in dynamic Young’s
modulus and sonic velocity was observed only
between the 1g and pg samples; compressive strength
did not differ significantly among any of the gravity
conditions.

4 Discussion

4.1 Impact of microgravity on cement paste cylinder
samples

For cement paste R, the microgravity samples
exhibited higher total porosity and lower bulk
density compared to their 1g counterparts. The
absence of buoyancy in microgravity resulted in
an increased content of larger, more spherical air
voids uniformly distributed within the cement
matrix. These findings are consistent with previous
ISS experiments [12], which also reported higher

porosity and altered void shapes in cement paste
produced under microgravity conditions.

The microgravity environment inherently dis-
rupts the physical processes that govern bubble
movement and stability during mixing and hard-
ening. On Earth, buoyancy causes entrapped air to
rise, leading to a gradient in air void distribution
and size within the cement matrix. In micrograv-
ity, the absence of this effect likely allows air bub-
bles to remain suspended, leading to a higher void
content throughout the sample. This aligns with
general principles of concrete science, where void
distribution plays a critical role in determining
mechanical properties and density.

The cement paste mixtures analyzed here exhib-
ited a less homogeneous composition in micrograv-
ity compared to their 1g counterparts. However, the
mixtures had a plastic fresh cement paste consist-
ency and a stable composition (see [21]), which
minimized sedimentation effects under gravity.
This consistency ensured that convection-driven
segregation did not dominate the results, even in
terrestrial conditions. The reduced homogeneity in
microgravity may be attributed to altered mixing
dynamics, where the lack of gravitational forces
affects the dispersion of components, including
cement particles and water, during preparation.

The mechanical properties of cement paste R
further corroborate these findings. The compres-
sive strength of the microgravity samples was sig-
nificantly lower than that of the 1g samples, with
a clear inverse relationship between compressive
strength and porosity. This trend is consistent with
well-established concrete science, where higher
porosity reduces the load-bearing capacity of the
cement matrix by creating weak points that con-
centrate stress and initiate cracks. Additionally, the
sound speed of the microgravity samples was nota-
bly lower, which is also in line with the observed
increase in porosity.

From a scientific perspective, these results are
plausible as they align with fundamental theories
of concrete behavior. The relationship between
porosity, density, and mechanical properties
observed under terrestrial conditions can reason-
ably be extrapolated to microgravity.
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Fig. 13 Results of compressive strength test of the 30 mm cyl-
inders. a Mean values of the compressive strength with stand-
ard deviation for mixtures R and R-AEA, 1 g (white), C (light
grey), RPM (grey), pg (dark grey, all samples from ISS), pg*
(black, only compressed pg samples). b Sample R-32 and ¢

4.2 Effect of air-entraining agent

The addition of air-entraining agent (AEA) signifi-
cantly affected the properties of the R-AEA samples
under both 1g and microgravity conditions, albeit
with distinct outcomes:

(1) In 1g, the AEA increased porosity while reducing
bulk density, Young’s modulus, and compressive
strength.

(2) In microgravity, however, the AEA caused less
foaming, resulting in lower porosity and higher
bulk density, compressive strength, and Young’s
modulus compared to the R-AEA 1g samples.

Sample
R-32 (ug) after
fracture

Sample
R-AEA-58 (ug)
after fracture

(e) Strength versus porosity: R-AEA
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R-AEA-58 after ultimate failure. Compressive strength (x-axis,
MPa) versus overall porosity (y-axis, see Fig. 10) for R d and
R-AEA e, of the sample types 1 g-V (red), 1 g-H (orange), C
(grey), RPM (green) and pg (blue)

(3) The AEA reduced gravity-dependent differences
in mechanical behavior. While mixture R showed
pronounced strength differences between 1g and
pg conditions, R-AEA exhibited a more consist-
ent strength—porosity relationship across all grav-
ity conditions. Thus, beyond its expected role of
stabilizing air bubbles under 1g conditions, the
AEA appears to have improved the robustness
or repeatability of the specimens with respect to
gravity-dependent processing effects.

The AEA based on olefin sulfonate works in grav-
ity by stabilizing air pores within the fresh cement
paste matrix [63]. As an anionic surfactant, it reduces
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Table 6 Summary of results

Gravity condition CT porosity Microscopy MIP porosity Overall porosity Com- Sound velocity  Youngs modulus
porosity pressive
strength
[%] [%] [%] [%] [MPa] [km/s] [MPa]
R
lg 2.40 2.86 19.79 27.90 104.19 3.89 26,683
C 2.40 3.19 28.33 28.66 51.27 3.77 25,597
RPM 7.00 5.48 23.07 31.17 51.32 3.85 26,420
ug 4.90 6.84 20.92 31.78 55.67 3.80 25,301
R-AEA
lg 6.80 9.18 31.18 29.91 53.29 3.49 19,190
C 3.00 8.94 24.99 30.66 55.99 3.49 19,730
RPM 6.00 8.68 23.74 27.75 65.78 3.62 21,830
Hg 6.10 7.93 21.85 27.47 66.75 3.73 23,591
Tabl'e 7 Porosity Porosity specifications
specifications of
measurements applied in CT Microscopy MIP Overall porosity
this study
Sample size 35,343 mm? 4,341 mm? 1000 mm® 21,206 mm?
Pore type All All Open/connected Open/connected
Pore size >96 pm > 10 pm 2.3 nm—112 pm > 1 nm

the surface tension of the water, which helps encap-
sulate air bubbles within the paste [64]. The olefin
sulfonate molecules adsorb at the air—water interface
of these bubbles and contribute to the formation of a
stable foam structure within the cement paste matrix,
preventing the coalescence or collapse of the air bub-
bles [65]. This stabilization is essential for maintain-
ing the desired air void system over time. In 1g the
AEA effects concrete with improved freeze—thaw
resistance but also workability and durability by
reducing permeability and chloride ingress [66] lead-
ing to lower flexural and compressive strength, typi-
cally a 5-10% strength reduction per 1% entrained air
[67, 68].

In microgravity, the AEA appears to be less effec-
tive due to a combination of physical and process-
related factors within the MCM. In the absence of
buoyancy and sedimentation, air bubbles generated
during mixing cannot migrate or stabilize as they
would under terrestrial conditions, resulting in a
less homogeneous air-void system. The 1g reference
specimens demonstrate that the MCM mixing proce-
dure generated sufficient air bubbles for the AEA to

stabilize, as the optically determined macro-air void
content increased from approximately 2.9% for mix-
ture R to approximately 9.2% for mixture R-AEA.
In contrast, under microgravity, the limited mixing
energy within the confined MCM chambers, com-
bined with altered air void dynamics and potentially
modified surface tension effects, likely reduced bub-
ble stabilization and foaming efficiency despite the
intentionally high AEA dosage. The FOAM project
results suggest that foams are generally more sta-
ble in microgravity [69], likely due to the absence
of drainage (which in 1g causes the liquid phase to
drain out of the foam, leading to coalescence of bub-
bles) [70]. The observed correlations, such as lower
porosity coinciding with higher strength and stiff-
ness, are consistent, but the underlying mechanisms
require further investigation. The AEA dosage in this
study was intentionally high, and within the broader
MASON project, six AEA-containing mixtures were
produced in microgravity: two cement pastes and four
with various aggregates. Preliminary results from the
latter mixtures indicate higher densities for the micro-
gravity samples compared to their 1g counterparts.
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However, since only one AEA dosage is reported in
this study, the findings should be interpreted within
this limitation.

4.3 Assessment of microgravity simulation for
cement paste

The R clinostat and RPM samples displayed higher
porosity, larger pore sizes, and reduced compressive
strength compared to the R 1g samples, closely mir-
roring the characteristics observed in the R micro-
gravity specimens. For the R-AEA mixture, RPM
samples demonstrated lower porosity, larger pores,
and higher compressive strength than the R-AEA 1g
samples, resembling the results of the R-AEA micro-
gravity specimens. Meanwhile, the R-AEA clinostat
samples generally exhibited properties closer to those
of the R-AEA 1g samples, with slightly lower poros-
ity and comparable compressive strength.

The clinostat’s defined rotation contributed to
enhanced compositional homogeneity for both mix-
tures, and the pore sphericity observed in these sam-
ples was consistent with that of pg samples. In con-
trast, the RPM’s random motions resulted in higher
heterogeneity, which often aligned more closely with
actual microgravity samples for both mixtures. How-
ever, the RPM samples contained fewer spherical
pores compared to pg samples, suggesting that while
random motion approximates certain pg characteris-
tics, it does not fully replicate the effect of zero grav-
ity on bubble formation and stabilization.

Both simulation methods effectively influenced
the cement paste properties and provided intermedi-
ate results between those of 1g and pg samples. How-
ever, neither fully replicated the specific effects of
microgravity, such as the combination of increased
porosity, pore sphericity, and mechanical property
changes observed in actual pg samples. This limita-
tion is not unexpected, as microgravity simulators
can only approximate certain aspects of the complex
fluid dynamics and lack of buoyancy present in a true
microgravity environment [71, 72].

These observations are consistent with general
concrete science, where fluid dynamics during mixing
and early hydration significantly affect air void distri-
bution, pore structure, and mechanical performance.
The enhanced homogeneity provided by the clin-
ostat’s steady rotation supports theories that uniform,
controlled mixing reduces segregation and promotes

pore stabilization. Meanwhile, the RPM’s ability to
produce higher heterogeneity is linked to its random
motion, which better approximates the irregular mix-
ing behavior observed in microgravity.

While neither method fully reproduces pg effects,
their results offer promising avenues for further
refinement. With real microgravity data now avail-
able, simulation methods can be optimized to better
predict concrete performance in partial gravity envi-
ronments, such as those on the Moon or Mars.

5 Conclusion

Understanding the effects of microgravity is cru-
cial for the development of future space construc-
tion materials. This study comprehensively analyzed
the effects of microgravity on cement paste proper-
ties using cylindrical samples produced on the ISS.
Before conducting uniaxial compression tests, exten-
sive analyses of the samples were performed, focus-
ing on their composition and air void characteris-
tics, which significantly influence the compressive
strength. The research utilized advanced techniques
for pore characterization such as ultrasonic measure-
ments, CT scans, mercury intrusion porosimetry and
microscopy, offering a comprehensive view of pore
distribution from a few nanometers to several millim-
eters. Complementary experiments under simulated
microgravity (clinostat and RPM) provided insights
into the validity of ground-based testing for extrater-
restrial applications.
The study’s key findings are:

(1) Impact of microgravity on cement paste: Micro-
gravity led to increased porosity, reduced bulk
density, and decreased compressive strength for
samples without air-entraining agents (mixture
R). The absence of buoyancy resulted in larger,
more spherical voids, influencing the mechani-
cal properties. These findings align with previous
ISS experiments [12].

(2) Effect of air-entraining agent in microgravity:
In samples with air-entraining agents (mixture
R-AEA), microgravity produced unexpected
results. A trend towards reduced porosity and
improved compressive strength and Young’s
modulus was observed compared to 1g sam-
ples. The results also indicate a trend toward
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improved sample homogeneity and repeatability
in the AEA-containing specimens. As part of the
MASON project, five other mixtures with AEA
were produced in microgravity, four of which
included aggregates. While the evaluation of
these samples is still ongoing, preliminary results
suggest that most samples exhibit similar behav-
ior to the R-AEA mixture. These findings imply
that air-entraining agents may function differ-
ently in microgravity due to altered fluid dynam-
ics. However, the precise reasons for the reduced
effectiveness of the AEA in microgravity remain
unclear and will be the subject of future dedi-
cated investigations.

(3) Assessment of microgravity simulation meth-
ods: Ground-based simulators (clinostat and
RPM) provided valuable insights into micrograv-
ity effects. The RPM, with its random motion,
successfully replicated heterogeneity patterns
observed in pg samples, while the clinostat
improved compositional homogeneity and pore
sphericity. Though neither method fully repli-
cated all pg characteristics, their combined use
offers a promising framework for further refining
simulation techniques, making them increasingly
reliable for studying partial gravity environments
on the Moon and Mars.

(4) Production of cylindrical samples in micrograv-
ity: All samples were successfully mixed using
the MASON Concrete Mixer aboard the ISS.
However, filter clogging during sample prepa-
ration caused incomplete compression in some
cases. These incompletely compressed samples
exhibited larger volumes, locally larger defects,
and often higher overall porosity, resulting in
properties that differed sometimes from fully
compressed samples. This finding highlights that,
although gravity has a pronounced effect on the
material properties, the microgravity production
process itself also exerts a measurable influence.
The effects of these two factors cannot be clearly
separated within the scope of the present study.

This study provides essential baseline data by deter-
mining macroscopic compressive strengths and con-
ducting a detailed pore analysis of cement-containing
cylinder samples, offering key insights for future extra-
terrestrial construction, e.g. on the moon. Within the
MASON project, also various aggregates were used.

While analysis of these mixtures is ongoing, initial
findings suggest that moon regolith analogue shows
promise as a viable aggregate for concrete production
in microgravity, yielding high compressive strength.
The mixing process still needs to be optimized to
ensure optimal strength, but the production of high-
quality concrete in microgravity appears feasible.
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Table 8 Sample list

Mixture R

cement paste: CEM | 52.5R + water, w/c ratio 0.40

Sanrple . Gravity Treatment Compression Description
designation rate
R-V-7 1g vertical 100% solid cylinder
R-V-8 1g vertical 100% solid cylinder
R-V-9 1g vertical 100% solid cylinder
R-V-10 1g vertical 75% solid cylinder
R-V-11 1g vertical 75% solid cylinder
R-V-12 1g vertical 75% solid cylinder
R-H-7 1g horizontal 75% solid cylinder
R-H-8 1g horizontal 75% solid cylinder
R-H-9 1g horizontal 75% solid cylinder
R-H-10 1g horizontal 100% solid cylinder
R-H-11 1g horizontal 100% solid cylinder
R-H-12 1g horizontal 100% solid cylinder
R-C-5-5 simulated pg clinostat5 rpm 100% solid cylinder
R-C-5-6 simulated pg clinostat5 rpm 100% solid cylinder, some voids side
R-C-5-10 simulated pg clinostat5 rpm 100% solid cylinder
R-C-25-10 simulated pg clinostat 25 rpm 100% solid cylinder
R-C-50-10 simulated pg clinostat 50 rpm 100% solid cylinder
R-RPM-1 simulated pg  RPM 90° random walk 50% large voids (bottom)
R-RPM-2 simulated pg RPM 90° random walk 100% solid cylinder
R-RPM-3 simulated ug RPM 90° random walk 80% solid cylinder, some voids lower area
R-32 ug 1SS 90% solid cylinder, brown spots on the surface
R-33 ug 1SS 90% solid cylinder, brown spots on the surface
R-34 ug 1SS 0% very long (64 mm), large voids
Mixture R-AEA
cement paste: CEM | 52.5R + water + air-entraining agent, w/c ratio 0.40
Sanjple . Gravity Treatment Compression Description
designation rate
R-AEA-V-7 1g vertical 85% solid cylinder
R-AEA-V-8 1g vertical 30% very long (56 mm), solid cylinder
R-AEA-V-9 1g vertical 90% solid cylinder
R-AEA-V-10 1g vertical 100% solid cylinder
R-AEA-H-7 1g horizontal 90% solid cylinder
R-AEA-H-8 1g horizontal 100% solid cylinder
R-AEA-H-9 1g horizontal 100% solid cylinder
R-AEA-H-10 1g horizontal 90% solid cylinder
R-AEA-H-11 1g horizontal 85% solid cylinder
R-AEA-H-12 1g horizontal 85% solid cylinder
R-AEA-C-5-5 simulated pg clinostat5 rpm 95% solid cylinder
R-AEA-C-5-6 simulated pg clinostat5 rpm 95% solid cylinder
R-AEA-C-5-7 simulated pg clinostat5 rpm 80% solid cylinder
R-AEA-C-5-10 simulated ug clinostat5 rpm 80% long (53 mm), solid cylinder
R-AEA-C-5-11  simulated pg clinostat5 rpm 95% solid cylinder
R-AEA-C-5-12 simulated ug clinostat5 rpm 90% solid cylinder
R-AEA-C-25-10 simulated pg clinostat 25 rpm 75% long (54 mm) solid cylinder
R-AEA-RPM-1 simulated pg RPM 90° random walk 80% solid cylinder
R-AEA-RPM-2 simulated pg RPM 90° random walk 80% solid cylinder
R-AEA-RPM-3  simulated pg RPM 90° random walk 80% solid cylinder
R-AEA-56 ug 1SS 0% very long (64 mm), large voids
R-AEA-57 ug 1SS 0% very long (64 mm), large voids
R-AEA-58 ug 1SS 70% solid cylinder

nile
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