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Abstract

The rapid development of 3D concrete printing
technology has brought significant advancements to the
construction industry. However, the hygrothermal
behavior of 3D concrete printed walls remains an
understudied area despite its critical implications for
building durability and performance. This study explores
the hygrothermal performance of 3D concrete printed
wall assemblies, focusing on moisture accumulation,
frost damage, mold growth, and corrosion risks.
Employing the WUFI 2D simulation tool, we compare
various insulation materials, concrete types, and wall
designs to identify the most effective wall assemblies for
3D concrete printing. The findings indicate that cellulose
insulation, due to its higher moisture content, is less
suitable for 3D concrete printed walls, posing a higher
risk of frost damage. Conversely, insulation materials
with higher density and vapor resistance demonstrate
better hygrothermal performance. The wall assembly
with a layer of concrete bead connecting the interior and
the exterior concrete layers leads to higher water content.
Moreover, varying levels of vapor resistance in different
concrete types affect the overall drying capability.
Despite high relative humidity levels, no visible mold
growth is predicted in the simulated assemblies,
suggesting adequate mold resistance in the wall
assemblies.

Introduction

3D concrete printing (3DCP) offers many appealing
features, such as design freedom in curved geometries,
automating construction process, and so on. However,
there are many challenges in 3DCP, such as hardware
design, software workflow (Wu et al. 2024), material
mix, carbon footprint, energy performance (Wu et al.
2023), etc. The hygrothermal analysis assesses a
building's response to moisture and temperature over
time, enhancing understanding of its envelope's
performance and highlighting potential issues (Glass et
al. 2013). The hygrothermal behavior of 3DCP walls is

also not well known (Pessoa et al. 2023). Moisture-
related issues in building assemblies can be the root of
several issues and can be categorized as visible and
invisible degradations (ASHRAE 2021). Invisible
degradation reduces the thermal resistance of buildings
and insulations and the load-bearing capacity of
materials. Visible degradation is related to mold growth,
decay of wooden materials, frost damage, corrosion of
metals, damage from expansion of materials, hydration
of plastics, and effect on appearance (ASHRAE 2021).

There are numerous advantages to hygrothermal studies,
including:
e Hygrothermal simulation aids in understanding
moisture and temperature conditions within a
building envelope (Glass et al. 2013).

e [t helps determine the suitability of a building
envelope design for a specific climate.

e  Moisture issues, which are expensive to rectify
post-construction, often result from
construction  flaws, building operation,
incorrect maintenance, and improper design
(Glass et al. 2013).

e In recent decades, hygrothermal models have
been developed to study the coupled effects of
heat and moisture (Delgado et al. 2010).

e While not always necessary, hygrothermal
simulation is increasingly important due to
industry changes, new technologies, and
construction techniques, aiding in the
prediction of moisture performance for new
building materials and assemblies.

Hygrothermal performance is based on being either fail
or pass (TenWolde, 2011) and serves a dual purpose, as
they not only aid in decision-making during the design
process but also provide valuable insights for evaluating
the performance of existing buildings and retrofits and
restoration projects (ASTM, 2023). Hence, investigating
the hygrothermal characteristics of 3DCP wall
assemblies can be highly beneficial due to the novelty of



this technology, the limited availability of projects to
observe its performance, and the lack of sufficient
empirical data regarding the utilization of 3D concrete
printing. While extensive research has been conducted in
North America on wooden envelopes, there is little
research on the moisture behavior of 3DCP assemblies.

Research Questions

e  What is the possibility of mold growth in 3D-printed
concrete (3DCP) Wall Assemblies?

e How do different insulation types affect the
hygrothermal behavior of the 3DCP walls?

e What characteristics of 3DCP walls
hygrothermal behavior?

affect

Research Goals

This study investigates the hygrothermal behavior of 3D-
printed concrete walls, including drying time, moisture
accumulation, frost damage, corrosion of metals, and the
possibility of mold growth. In addition, comparing
different insulation types, the most effective Wall
Assembly for 3D printing concrete based on the results
of the hygrothermal simulations in a certain climate
condition is identified.

Research MethodologyThe primary research method
employed in this study is computer simulation, utilizing
WUFI 2D version 4.4 for the simulation of two-
dimensional transient heat and moisture transfer. WUFI
is a tool widely recognized for its ability to analyze the
hygrothermal behavior of building components. In this
research, we focused on designing three different types
of 3DCP walls to investigate their hygrothermal
performance, particularly examining aspects such as
drying time and water accumulation.

Background

Mold grows in building components under certain
circumstances. Some molds threaten human health and
can affect individuals differently, and it is necessary to
reduce the favorable conditions for mold growth in
buildings (Krus et al. 2007). Several mold growth
prediction models have been developed based on
laboratory tests, including the VTT model, a
mathematical model of mold growth proposed by Hukka
and Viitanen (Hukka and Viitanen, 1999), Isopleth
model, and Biohygrothermal model, and they primarily
rely on the interplay between temperature and relative
humidity (Vereecken et al. 2015). For the purposes of
this research, we will focus on the VTT model.

The VTT mold growth model is an empirical model
(Glass et al. 2017) based on the favorable conditions for
mold growth and is experimentally validated based on
visual findings of mold growth (Viitanen et al. 2015).
The model utilizes an index from zero to six (no mold to

100 percent mold coverage), highlighting the intensity of
mold growth. The VTT model considers four sensitivity
classes: very sensitive, sensitive, medium resistant, and
resistant based on the materials’ sensitivity to mold
growth. It also contains the decline factor (which means
reducing the mold index) whenever the conditions do not
favor mold growth (Ojanen et al. 2010). AHSRAE 160
recommendations adopted the VTT model (Lepage et al.
2019), requiring the index to stay below three. WUFI
VTT is a postprocessor based on the VIT model, which
uses a traffic light system to aid in assessing the risk of
mold growth: green signifies no risk, red denotes an
unacceptable condition, and yellow suggests a potential
risk that necessitates further evaluation (Viitanen et al.
2015).

Thermal insulation also impacts the moisture behavior of
wall assemblies. Insulation and generally any building
component with different moisture transport
characteristics, if not applied appropriately, can result in
unfavorable hygrothermal behavior. External insulation
is typically perceived as the more secure choice, offering
effective shielding against the external environment
(Jensen et al. 2020). In contrast, internal insulation,
which is common in retrofitting and renovating, is
considered riskier since it does not protect the exterior
part of the assembly and can reduce the drying capability
(Straube and Schumacher 2007).

Additionally, attachment mechanisms such as metal
components can face corrosion under high humidity or
certain conditions; for instance, metal fasteners in
wooden assemblies can corrode due to the organic acids
in the wood (Zelinka 2013). In concrete, due to the
carbonated coverage of steel, corrosion happens at above
80% relative humidity, while steel corrodes in humidity
above 60% (Kiinzel et al. 2008). ASHRAE 160
requirements for corrosion suggest that the threshold
should be derived from the metal characteristics, and if
such information is not provided, the 30-day hourly
average of the metal surface humidity should stay under
80% (ASHRAE 160 2021).

Water in porous materials can freeze, and this phase
change threatens the material in several manners,
including structural strength, cracks, and visual
appearance. Concrete, as a porous building component,
has relatively high moisture storage capabilities, and
during cold weather, when the temperature falls below
32 degrees Fahrenheit (0 degrees Celsius), the trapped
moisture can freeze. Li et al. observed frost damage in
specimens with 86-88% degree of saturation
(corresponds to 98% relative humidity) during the
freeze-thaw cycles and found that while increasing air
content can delay the time to reach that degree of
saturation, it does not impact the frost damage (Li et al.
2012). WTA  (Wissenschaftlich -  Technische



Arbeitsgemeinschaft fir Bauwerkserhaltung und
Denkmalpflege, translates to "Scientific and Technical
Working Group for Building Maintenance and
Monument Preservation”) guideline recommends 95%
relative humidity as the threshold for frost damage in
frost susceptible materials and free saturation
(corresponds to 100% relative humidity) for frost-
resistant materials, including concrete (WTA, 2012).

Simulations

Modeling Technique

Several mathematical methods have been developed to
predict the moisture behavior of building envelopes
(Straube and Burnett 2001). WUFI, DELPHIN, and
HygIRC are computer software programs frequently
used for hygrothermal analysis. WUFI is a one- or two-
dimensional computer program for transient heat and
moisture transport developed by the Fraunhofer Institute
in Building Physics located in Stuttgart, Germany. This
simulation tool is extensively used and validated by
laboratory tests (Glass and TenwWolde 2017, Overton
2019, Glass et al. 2015, Straube and Schumacher 2006).
WUFI stands for Wiérme-und Feuchtetransport
instationdr, which translates in English to “Transient
Heat and Moisture Transport.” WUFI provides moisture
performance and damage assessment of the building
envelopes, including drying time and water
accumulation (Yu et al. 2016). ASHRAE 160
requirements for mold are embedded in the WUFI Mold
Index VTT software add-on. WUFI pro, which is one-
dimensional, has modeling limitations and cannot define
complex geometries. Since the 3D-printed concrete wall
section cannot be modeled using the one-dimensional
tool, the following research is conducted using WUFI 2D
version 4.4. In WUFI 2D, geometries need to be
represented using only rectangular shapes. Figure 1
shows the discretized model of a 3D concrete printed
wall Assembly with non-rectangular shapes.

A B
Figure 1 The standard 3DCP wall 3DCP section (4)
and The modified 3DCP wall section geometry in
WUFI (B)

Wall Assemblies and Materials

Figure 2 shows the three Wall Assemblies simulated in
WUFI 2D in this study. The material properties of the
3DCP Wall Assemblies were taken from the WUFI
database, as shown in table 1.
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Figure 2 3DCP Wall Assemblies

Table 1 Material properties

Material = A
= T £ £2 2«
= § I £5 %23
: 3% ZE g°
< <
kg/m*  m¥m’  J/KgK W/mK
Concrete C12/15 2200 0.18 850 1.6 92
Concrete C35/45 2200 0.18 850 1.6 248
Concrete w/c=0.5 2300 0.18 850 1.6 180
Cellulose  Fiber 30 0.99 1880 0.036 1.86
Insulation
Fiberglass 30 0.99 840 0.035 1.3
Rockwool 73 0.95 850 0.032
CAVITYROCK®
Sprayed foam 39 0.99 1470 0.025 88.93

closed cell

Simulation settings

The weather data of Des Moines, lowa, in climate zone
5A, was used as the outdoor condition. The weather data
in WUFI shows that the Southeast has the most wind-
driven rain, and the North side always has the lowest sun
exposure. To identify the worst-case scenario, the
concrete used in the simulation is set to C35/45 (meaning
28-day compressive strength between 35 - 45 MPa), and
the insulation is set to cellulose for both the north and
southeast walls (figure 3). Results suggest that the total
water content of the SE direction is considerably higher
than the N direction. Therefore, SE is chosen as the wall
direction for all following simulations.

Rain load calculation is set according to ASHRAE
standard 160 for building heights less than 10 meters and
walls below a steep-slope roof. The exposure category is
set to medium. Default values for surface transfer



coefficients (exterior and interior sides) were selected as
specified in Table 2.
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Figure 3 Total water content of Wall A in Both N (blue)
and SE (red) direction

ASHRAE 160-2021 suggests that the moisture year for
hygrothermal studies should be the second-highest
severe year of 30-year weather data. Therefore,
ASHRAE Year 2, the second most severe year out of 10
years, was selected for the outdoor climate.

The ASHRAE model is selected for the indoor surface.
The indoor design humidity intermediate method based
on ASHRAE recommendations is used. In this method,
indoor design humidity is determined by hourly weather,
and the effect of the HVAC system is considered. The
default set point of 21.1 °C for heating and 23.9 °C for
cooling was selected. Air-Conditioning was selected as
the A/C type. The number of bedrooms was set to two
(three occupants), and the air exchange rate to 0.2 as
standard construction to satisfy ASHRAE 160, which
considers moisture generated by occupants. The building
volume is assumed to be 500 cubic meters.

WUFI Initial conditions

ASHRAE standard 160 suggests that the initial moisture
content for hygrothermal simulations of new
constructions should be two times the equilibrium
moisture content at 90% humidity (EMC90) for concrete
and two times EMCS80 for other materials. This standard
allows lower initial moisture content if construction
materials and the construction process are protected from
high relative humidity and moisture exposure, and the
EMCOI0 for concrete and EMC80 for other materials can
be applied (ASHRAE 160 2021). In this study, the initial
moisture content is set to two times the EMC90 for
concrete (supersaturated) and two times EMC80 for
other materials. The initial temperature is not an
important factor since the temperature of the assembly
components will quickly adapt to the boundary
conditions. The initial temperature is set to the default of
20 °C.

To assess hygrothermal simulations, both the moisture
behavior of the assembly during the first years of the
simulation and the hygrothermal conditions after
reaching the dynamic equilibrium need to be considered
(Kaczorek 2018). Therefore, the simulation duration
should be long enough to reach the dynamic equilibrium
of seasonal changes. Based on the ASHRAE standard
160 recommendations, this study considers five years
(43800 hourly steps) as the simulation time steps for
Wall A. However, due to the long simulating duration
and WUFI 2D limitations, walls B and C are simulated
for four years (35100 hourly steps). According to
ASHRAE standard 160, the maximum total moisture
content of the assembly in the final year of the simulation
shall be equal to or less than that of the prior year
(ASHRAE 160 2021). The simulation period starts on
October 1%, 2018, at 00:00 am at “hourly” resolution
with adaptive time step control enabled (which reduces
the simulation errors by adapting each time step result to
the previous one). One percent fraction of rain load is
considered on the exterior layer of the insulation
according to ASHRAE 160 recommendations. Table 2
shows the summary of the WUFT initial conditions.

Table I input parameters

Climate = Des | Climate data =

Moines, lowa Year 2

Azimuth =270 Orientation = | Inclination = 90°
Southeast

Rain load = | Building Height | Exposure

ASHRAE 160 <10m category =

Medium

Exterior Surface

Heat transfer | Short-Wave Long-Wave

Coefficient=17 | Radiation Radiation
absorptivity =0.2 | Emissivity = 0.9

Sd-value = 0 Adhering fraction rain = Depending on

the inclination of the component.

Interior Surface

Heat transfer | Sd-value =0 AC type = Air
Coefficient = 8 conditioning
Floating indoor | Heating set point | Cooling set point
temperature shift | =21.1° =23.9°

=2.8°

Number of | Air exchange rate | Building volume
bedrooms = 2 =02 =500 m®

The adaptive | Steps =3 Max stages =5
time step control

is enabled.

Discussion and result analysis

Comparison by insulation material

In order to study the impact of different insulations on
the hygrothermal behavior of the 3D printed concrete
walls, Wall A is simulated with four common insulation



materials: Cellulose fiber, Fiberglass, Sprayed foam
closed cell, and Rockwool Cavityrock. The simulation
results of water content, mold index, corrosion, and frost
are summarized below:

1. Water content

Figure 4 shows the total water content (TWC) for
Wall A with different insulations. Results suggest
that the TWC of the wall with cellulose is higher
than all other insulations, and over five years, water
is still slightly accumulating and does not reach
equilibrium. Besides, the initial water content does
not dry off for the duration of the simulation. The
overall water content for Rockwool, Fiberglass, and
Sprayed foam insulations has similar trends, and the
initial water content dried off after the first few
months. Wall A with Rockwool, Fiberglass, and
Sprayed Foam reaches the annual trend in the first
year, the initial water content dries off, and no water
accumulation is observed.

w
e
~

Water content [kg/m?]

10.2022

10.2019

19.0
10.2018 10.2020  10.2021
Time
Figure 4 Total water content of Wall A C35/45 with
Cellulose (blue), Fiberglass (red), Spray foam (green),

and Rockwool (purple) as insulation.

10.2023

2. Mold index

The WUFI Mold Index VTT add-on is used to study
the possibility of mold growth in Wall A with
different insulations since this add-on includes the
ASHRAE requirements. Three monitor points inside
the wall assembly are chosen to evaluate the mold
index: the interior face of the inner concrete layer,
the intersection of the insulation and the inner
concrete layer, and the middle of the insulation
(Figure 5). The exterior layers are not taken into
account since mold growth models are not
developed for the exterior layers of the assemblies.
These parts are mostly under the influence of outside
conditions, which are difficult to model accurately
and consider in the simulation.

Outside Inside

Monitor .
Points

Wall A
Figure 5 Mold growth monitor points in 3DCP Wall A

Since the interior surface of the Wall Assembly is in
direct contact with the ambient air, the sensitivity
class is set to very sensitive. For the other
monitoring point, the sensitivity class is set to
medium resistant. The VTT model takes into
account the decrease in mold index when the
condition is unfavorable for mold growth. The
decline factor of mold is set to a relatively low
decline (0.25) to be more conservative and have a
more critical condition for simulations. Table 3
shows the mold index at the three monitor points.
Figures 6 to 8 are mold index graphs for each
monitor point.

Table 2 Mold index at monitor points

Mold Index
Monitor point
Rock- | Spray Fiber- Cellulose
wool | Foam glass
Inner concrete | 0.462 | 0.523 | 0.451 0.286
layer interior face
Intersection: 0.138 | 0.145 | 0.091 0.061
insulation - inner
concrete layer
Insulation Center | 0.339 | 0.276 | 0.319 0.136
5 045
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Figure 6 Mold index of the interior surface of the inner
concrete layer. Cellulose (red), Rockwool (blue),
Sprayed foam (green), and Fiberglass (cyan).

0.00,/“\‘ Al N il il i |
10.2018 02.2019 022020 022021 022022 02.2023 08.2023
Figure 7 Mold index of the intersection of insulation

and the inner concrete layer. Cellulose (red), Rockwool
(blue), Sprayed foam (green), and Fiberglass (cyan).
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Figure 8 Mold index of the middle of insulation. case of frost damage risk (see Figure 12). In Wall A
Cellulose (red), Rockwool (blue), Sprayed foam with Rockwool, a minor exceeding of 95% RH
(green), and Fiberglass (cyan). happens when the temperature is freezing (see

Figure 13). Therefore, sprayed foam closed cell is
the safest choice among all insulation types
regarding the frost damage risk.

In all three monitor positions, the mold index
remains below three, which indicates no visible
mold on the surface of materials and satisfies the

requirement of ASHRAE 160. The mold index of
the insulation and exterior concrete layer ‘
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Figure 13 Humidity (blue) and temperature (red) for
Wall A with Rockwool at exterior concrete layer.

Comparison of different Wall Designs
1. Water Content

C35/45 is chosen as the concrete, and Rockwool
Cavity rock as the insulation to compare the
hygrothermal behavior of Wall A, Wall B, and Wall
C. Figure 14 shows the total water content of these
Wall Assemblies. The total water content of Wall A
is the lowest, and Wall C is considerably higher than
the other two. We speculated that the concrete
connection between the exterior and interior
concrete layers increases in moisture transport due
to concrete's higher moisture transport capabilities
than insulations. Water can move through the
concrete bridge between the two layers and increase
the water level of the Wall Assembly.

All three assemblies reach the annual trend in the
first year, and the initial water content of the walls
dries in the first few months. Wall A, since it has no
bridge between the interior and exterior concrete
layers, has the lowest water content

528

Water content [kg/m?]
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Figure 14 Total water content of Wall A in blue, Wall B
in red, and Wall C in purple.

12.2021 10.2022

2. Mold Index

Table 4 shows that the mold index of all three wall
designs stays below 3.0, as recommended in
ASHRAE 160. Figures 15 and 16 show the mold
index graphs of these assemblies. The mold index
reaches zero after the drying of initial moisture in the
first year for the interior face of the inner concrete
layer in all three walls. At the intersection of
insulation and the inner concrete layer, the mold
index has a yearly cycle. However, it never
surpasses the threshold of three (Wall B and Wall C
are simulated for a duration of four years, while Wall
A simulated for five years).

Table 3 Mold index of different wall types.

Mold Index
Monitor point WallA | WallB | WallC
The interior face of the | 0.524 0.456 0.71
inner concrete
The intersection of the | 0.125 0.091 0.214
insulation and the inner
concrete layer
5 0.60
2
< 030
(=]
= 0.00
102018 02.2019 022020  02.2021 022022 02.2023 08.2023

Figure 15 Mold index of the interior face of the inner
concrete. Wall A is blue, Wall B is green, and Wall C is

cyan.
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Figure 16 Mold index of insulation and inner concrete
intersection. Wall A is blue, Wall B is green, and Wall
C is cyan.

3. Corrosion

Figure 17 shows the 30-day hourly average relative
humidity at the intersection of the insulation and the
exterior concrete layer in Wall A, Wall B, and Wall
C. Results show that the 30-day hourly average
relative humidity is higher than 87%, which is more
than the 80% threshold according to ASHRAE 160.
Hence, steel members added to 3D-printed concrete
may corrode.
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Figure 17 30-day hourly average Relative humidity at
the exterior concrete layer and insulation intersection
in Wall A (green), Wall B (blue), and Wall C (red).

4. Frost

Figures 18 to 20 show the graphs of relative
humidity and temperature for Wall A, Wall B, and
Wall C. C35/45 is selected as the concrete, and
Rockwool is the insulation in all these assemblies.
Results suggest minimal incidents where relative
humidity exceeds 95% when the temperature is
lower than zero Celsius.
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Figure 18 Relative humidity (blue) and temperature
(red) for Wall A at the exterior concrete layer.
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Figure 19 Relative humidity (blue) and temperature
(red) for Wall B at the exterior concrete layer.
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Figure 20 Relative humidity (blue) and temperature
(red) for Wall C at the exterior concrete layer.

Comparison of different concrete types
1. Water Content

Wall B was studied with three concretes from the
WUFI database to evaluate the effect of different
concretes on the hygrothermal behavior of 3DCP.
Based on the WUFI database, the major difference
in the characteristics of concretes is in vapor
resistance. Concrete C35/45 has the highest (248),
“W/C=0.5" is the next (180), and C12/15 has the
lowest vapor resistance (92). Figure 21 shows the
water content of each assembly.
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Figure 21 Total water content of Wall B with different
concretes.

Results suggest that Wall B with C12/15 concrete
has the lowest water content level and dries faster.
Wall B with C35/45 and C12/15 reaches the annual
trend in the first year, and the initial water content
dries off in the first few months. “W/C=0.5"
concrete does not reach the annual trend in a 4-year
simulation, and the drying time of the initial
moisture content is considerably high and stays
considerably higher in the first two years. However,
the moisture content of this assembly dries for the



simulation duration and is comparable to the other
assemblies in the last two years.

The water content of the insulation layer for
different concrete types is shown in Figure 22. The
water content of the insulation layer of the wall with
“W/C=0.5" concrete is much higher than C35/45
and C12/15 in the first two years, and it has an
incremental trend in the first months of the
simulation. However, the insulation water content
dries off in the third year.
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Figure 22 Water content of insulation layer in Wall B.
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The inner concrete layer’s water content of the wall
with C12/15 concrete is lower than the two others,
and the wall with “W/C=0.5" concrete has the
highest in the first years, resulting in a longer drying
time (figure 23). In the last two years of the
simulation, the water content of C35/45 is the
highest, C12/15 the lowest, and W/C=0.5 stands in
between. This agrees with the vapor resistance of
each concrete material. Lower vapor resistance
results in higher drying capability.

2. Mold Index

Results of the mold VTT index for the Wall
Assembly with three different concretes are
provided in Table 5. “Very sensitive” is selected as
the sensitivity class of the interior face of the inner
concrete layer. The sensitivity class is set to
“medium resistant” for the other monitoring point.
The decline factor of mold is set to a relatively low
decline (0.25) to have a more critical condition for
simulations. Figures 24 and 25 show the mold index
trend at monitor points.
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Figure 23 Water content of the inner concrete layer of
Wall B.

Table 4 Mold index of Wall B with three different

concretes.
Mold Index
Monitor point C35/45 C12/15 Ww/C
0.5
The interior face of the | 0.456 0.55 0.312
inner concrete layer at
the thermal bridge
The intersection of the | 0.09 0.099 0.651
insulation and the inner
concrete layer
%5 0.50
T |
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o |
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Figure 24 VTT mold index of the interior face of the
inner concrete layer. C35/45 is blue, C12/15 is green,

and W/C 0.5 is cyan.
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Figure 25 VTT mold index of the interior face of the
inner concrete and insulation intersection. C35/45 is
blue, C12/15 is green, and W/C 0.5 is cyan.

In both monitor positions, the mold index remains
below three for all concrete types, within the
threshold of the ASHRAE 160 requirements,
suggesting no visible mold on the surface of the
materials. The higher mold index of Wall B with
“W/C = 0.5 is due to the longer drying time and
higher moisture content in the first years of the
simulation.

3. Corrosion



Figure 26 shows the 30-day hourly average relative
humidity at the intersection of the insulation and the
exterior concrete layer in Wall B with Rockwool as
insulation and three types of concrete: C35/45,
C12/15, and “W/C = 0.5”. Results show that the 30-
day hourly average relative humidity is above 85%
for the wall assemblies with C35/45 and C12/15 for
the entire simulation period, which is more than the
80% threshold set by ASHRAE 160. In Wall B with
“W/C = 0.5 concrete, it falls below the threshold in
the last year. However, it is above 80% most of the
time. Therefore, steel may corrode in all three
assemblies.

4. Frost

Wall B with Rockwool and three different
insulations were investigated. Figures 27 to 29 show
the relative humidity and temperature graph for each
assembly. Wall B with C35/45 rarely exceeds the
95% percent relative humidity threshold when the
temperature falls below zero Celsius. Almost no
frost risk is observed in Wall B with C12/15. In Wall
B with “W/C = 0.5” concrete, there is a high risk of
frost damage in the first years. However, in the last
two years, it barely passed the threshold. Therefore,
among these assemblies, W/C 0.5 has a high risk of
frost damage in the first years till the initial moisture
content dries.
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Figure 26 30-day hourly average Relative humidity of
exterior concrete layer and insulation intersection in
Wall B with C35/45 (blue), C12/15 (green), and
W/C=0.5 (red).
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Figure 27 Relative humidity (blue) and temperature
(red) for Wall B with C35/45 at the exterior concrete.

| |
I I I}
97.6 1 l . 24.5
=X
= ‘ ! =
2 95.0 ffi-r-ilie- == | 8 “ - b 155 3
M A LI
‘ g8
T g8 | H | Il ‘ l\ B
o -0 [ i 11 T -rrg"'v ‘ l*"'r\""r‘ i 0.00 @
o | <
© 889 ‘H ”H “‘M l Hl L 1.11.5
86.0 235
102018  07.2019  05.2020  02.2021 122021 10.2022
Time

Figure 28 Relative humidity (blue) and temperature
(red) for Wall B with C12/15 at the exterior concrete.
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Figure 29 Relative humidity (blue) and temperature
(red) for Wall B with “W/C = 0.5 at the exterior
concrete layer.

Conclusion

This  research  investigated the  hygrothermal
performance of 3DCP wall assemblies with three
different wall designs, four insulation materials, and
three types of concrete.

e The investigations show that cellulose is not an ideal
insulation material for 3D concrete printed walls due



to the higher moisture content and not drying off the
initial moisture content, leading to water
accumulation and a high frost damage risk.
Insulation materials with higher density or vapor
resistance perform better with lower moisture
content and frost damage risk.

e A comparison of different wall sections suggests
that the wall designs without concrete connection
bead between the interior and exterior concrete
layers have lower water content.

e Evaluation of different concrete types suggests that
less vapor resistance leads to the lower water content
of the wall assemblies due to higher drying
capability and thus lower frost damage risk.

e In all assemblies, steel components may corrode at
the intersection of insulation and exterior concrete
layer due to very high relative humidity.

e The mold index remains below ASHRAE's
recommended thresholds for all simulated
assemblies. Moreover, there are no indications of
visible mold growth due to the high drying
capability of assemblies and the high mold
resistance of insulations and concrete.

This study is limited to the materials from the WUFI
database and does not entirely represent various types of
3DCP wall properties or the material properties of the
3DCP as many of these remain proprietary. The
simulation results are intended to provide insight into the
potential risks of 3DCP projects regarding hygrothermal
performances. Future work includes conducting field
and laboratory tests to verify the simulation results by
studying the moisture behavior of specimens based on
real-world materials for 3DCP over the course of time.
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