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Abstract 
 

In order to achieve increased sustainability when casting concrete structures this thesis 

investigates the possibility of utilizing 3D-printing to construct formwork and digitalize 

construction. By digitizing construction less workers are needed and therefore less capital.  

 

The main aim of this thesis is to examine the load-carrying capacity of composite columns 

made of a permanent 3D-printed concrete formwork filled with SCC and comparing their  

strength with that of homogenous columns made of SCC. Another aim of this thesis is to 

examine the formwork pressure and lastly to examine the bond strength between the two 

concrete materials.  

 

The cylindrical columns were reinforced and cast in Tumba, Stockholm at ConcretePrint. 

Another rectangular temporary formwork was also constructed to measure the formwork 

pressure. The measured formwork pressure is compared to a calculated theoretical pressure. 

The load-carrying capacity was examined with the help of a hydraulic press at RISE in Borås. 

Bond strength was also tested at RISE in Borås by drilling out cores of the composite 

columns.  

 

Results prove that formwork pressure is not an issue for these types of columns. The results 

also show that the composite columns are stronger when wholly loaded over their cross 

section while they perform similarly when a concentrated centrally placed load is applied. 

When subjected to a concentrated centrally placed load it is thought that an eccentricity 

occurs and therefore lowers the load-carrying capacity in both the homogeneous and 

composite columns. Further, bond strength between the composite materials had such values 

that the bond is not thought to be a limiting factor either.  

 

While no conclusive conclusion can be drawn due to the limited number of columns, the 

results are promising and further research is recommended. Such research could for example 

be durability studies which will be treated in a special report by KTH and possibly a study 

regarding the economic benefit.  

 

  



IV 
 

Sammanfattning 

 

För att uppnå ökad hållbarhet vid gjutning av betongkonstruktioner undersöker detta 

examensarbete möjligheten för användning av 3D-utskrivning för att tillverka formar och 

digitalisera byggandet. Genom digitalisering av byggandet behövs färre arbetare och därmed 

mindre kapital. 

 

Huvudsyftet för detta examensarbete är att undersöka bärförmågan hos samverkanspelare 

gjorda av permanenta 3D-utskrivna betongformar fyllda med självkompakterande betong 

samt jämföra dem med homogena pelare gjorda av självkompakterande betong. Ett annat mål 

är att undersöka formtrycket och sist undersöka vidhäftningshållfastheten mellan materialen. 

 

De cylindriska pelarna armerades och göts i Tumba, Stockholm hos ConcretePrint. En extra 

form byggdes för att mäta formtrycket. Det uppmätta formtrycket jämfördes med ett beräknat 

teoretiskt tryck. Pelarnas bärförmåga undersöktes med hjälp av en hydraulisk press på RISE i 

Borås. Vidhäftningshållfastheten testades också på RISE i Borås genom utborrning av 

borrkärnor från samverkanspelarna. 

 

Resultaten visar att formtrycket inte är ett problem för dessa typer av pelare. Resultaten visar 

även att samverkanspelare har högre bärförmåga när de är jämnt belastade över hela 

tvärsektionen medan de presterar likartat när en koncentrerad centriskt placerad last är 

applicerad. När pelarna är utsatta för en koncentrerad centriskt placerad last tros det att en  

excentricitet inträffar och därmed sänker brottlasten för både homogena och 

samverkanspelare. Vidare, vidhäftningshållfastheten mellan samverkansmaterialen är inte en 

begränsande faktor heller. 

 

Medan inga avgörande slutsatser kan göras på grund av begränsningen i antalet pelare är 

resultaten lovande och vidare studier rekommenderas. Sådan forskning kan till exempel vara 

beständighetsstudier som kommer att behandlas i en speciell rapport från KTH och eventuellt 

studier angående ekonomiska fördelar. 
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Abbreviations & Symbols 

 

Abbreviations 

 

3DPC   3 Dimensional Printed Concrete 

SCC  Self Compacting Concrete 

CNC                Computer Numerical Control 

RISE  Research Institute of Sweden 

 

Symbols 

 

𝐴3DPC  Cross sectional area of the 3DPC  

𝐴S𝐶𝐶  Cross sectional area of the SCC 

F                      Failure load 

𝑓3DPC,𝑐𝑐 Compressive strength of 3DPC 

𝑓S𝐶𝐶,𝑐𝑐  Compressive strength of SCC 

g                      Gravitational coefficient 

H  Height 

h                      Height 

p                      Pressure 

t  Thickness 

 

 

γ  Weight in kN/m3 

ⲫ  Diameter 

ρ                      Density 
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1. Introduction

The construction sector is evolving and faces sustainability challenges. Automatisation is one
area where construction lags behind other fields and is a practice that could improve the
sustainability of construction. One possible solution that is being researched and gradually
implemented in recent years is 3D printed concrete, (3DPC).

Concrete is a widely used material in construction, especially in infrastructure such as
bridges, tunnels and roads (RISE, 2023). Many bridges are made fully out of concrete or as a
composite bridge made out of concrete and other materials. Bridge columns are almost
always built of concrete. One of the drawbacks of building with concrete is that it requires a
temporary formwork. Building the formwork requires construction and disassembly. The
formwork is also a significant cost contributor to the total construction cost. One of the
largest benefits of using 3D printed concrete is the cost savings it can produce by eliminating
the formwork building process. One other benefit is that the timber that is usually used in the
formworks is often only used once which leads to large consumption of timber. Reducing
dependency on formwork made of wood can be beneficial in areas where timber supply is
scarce or expensive. It can also assist in reducing deforestation and the environmental effect
of timber exploitation. Moreover, creation of concrete elements with varying thickness and or
strength according to the stress field can be made which is difficult to do in conventionally
cast concrete. The risk for error in a tested automated process is lower which is positive
because errors are commonly corrected by replacement of concrete which means more
material usage and therefore more CO2 emissions.

Another possible benefit of permanent formworks is a hypothesized minimization of
formwork collapses. Formworks collapse more often than permanent structures because of
lower standards of safety due to their temporary nature, one could argue that by building a
permanent formwork which contributes to the strength of the structure the standard of safety
for such formworks would need to be higher and that their structural strength will be
intrinsically higher. A minimization in formwork collapses would lead to the avoidance of
impacts such as delays, increased cost and increased climate footprint due to restoration and
new concrete.

Besides the aforementioned benefits of 3DPC permanent formwork there are also further
opportunities for complex architectonic elements as demonstrated by Gaudillière (2019)
which shows free flowing permanent formworks filled with ultra high performance concrete
in a column. Anton (2021) demonstrates the freedom that can be achieved in terms of
architecture for the formworks; the paper does, however, not investigate the strength or
durability of the formworks.
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1.1 Background

3 Dimensional Printed Concrete (3DPC) is a relatively new technology. It has thus far mostly
been utilized to construct houses. Examples of this are the seven 3DCP houses in Austin, US,
and the 100 planned 3DCP houses in Georgetown, US, set to be completed in 2023 by ICON
(ICON, 2022). There are however three bridges that have been constructed by 3D-printing
technology. One of these bridges was 3D printed in steel, this bridge was built in Amsterdam,
Netherlands (Arup, 2022). The other two bridges were made of 3DPC. In Shanghai, China, a
26.3 m long and 3.6 m wide bridge was built in 2019 and was the longest 3DPC bridge in the
world. The bridge built in Shanghai is claimed to only have costed 67 % of a similarly sized
bridge constructed by conventional method, (Ravenscroft, 2019). The second 3DCP bridge
was built in Nijmegen, Netherlands. The bridge spans a length of 29 m. (Everett, 2021). It
should be noted that all these bridges are pedestrian bridges. The bridge built in Nijmegen,
Netherlands, claims that it can deliver savings of up to 50 percent in material cost (Everett,
2021).

Past research, a BSc thesis by Boned Ferrer (2021) at KTH has investigated whether the 3D
printing technology can print out a permanent formwork which is then filled with self
compacting concrete (SCC). The idea is that the permanent formwork will contribute to the
load-carrying capacity as well as the durability of the material. The author has investigated
the adhesion between the 3DPC and the SCC. The test specimens were rectangular with a
height of 1.08 m. The thesis measured that the bond strength between the formwork and the
poured concrete was between 0.5 and 1.35 MPa depending on whether the poured concrete
was conventional concrete or self compacting concrete. Another BSc thesis by Shabo and
Hosseini (2022) investigated the formwork pressure for columns. The columns had a total
diameter of 500 mm including 100 mm that were constituted by permanent formwork made
of 3DPC. The height of the columns were 2430 mm. The pressure was measured at different
levels. The first measurement point was at 150 mm from the bottom of the columns and the
subsequent measurement points were at 1150 and 2250 mm from the bottom of the columns.
The pressure measured around 50 kPa for the bottom sensor while for the top sensors the
pressure measured around 32 kPa. The measurements were conducted for two columns and
the results corresponded well to calculated pressure values. No damage or cracks developed.
Past theses and research have not included the measurement of the load-carrying capacity.

The idea of permanent formwork is not new, Grauers (1993), conducted experiments with
concrete filled steel cross sections in order to increase structural flexibility. The study
concluded that if adhesion between the materials is achieved then the column behaves as a
composite column regardless of how the load is applied on the cross-section. If adhesion is
not achieved then the whole cross-section must be loaded to achieve the same load-carrying
capacity of the composite column.
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1.1.1 3DP concrete mix

3DPC is a cutting-edge construction technique that has the potential to revolutionize the
construction industry by automating construction operations, decreasing material
consumption, reducing formwork costs and optimizing structural components. Designing an
appropriate concrete mix for 3DPC entails adjusting the mix to suit the desired properties of
the produced structures as well as the printing process’s unique requirements.

Plenty of research on the selection of proper ingredients and the optimal adjustment of mix
proportions for 3DPC has been conducted, and various binders have been used. According to
Boned Ferrer (2021) the concrete formula is normally owned by the company that created the
3D printer, which implies that the corporation has the right to utilize it commercially.
Consequently, components of the 3D printer, some technical features and the comprehensive
description of the contents of the concrete formula used for the conformation of the
formworks cannot be provided, due to the confidentiality agreement with the manufacturer.
The select ingredients used in Boned Ferrer’s test were:

• 25 kg of CEM I
• 59 kg of sand and stone – max aggregate size = 4 mm
• 12.5 kg of water
• Accelerator
• Fluidiser
• Other chemicals

Ferrer (2021) also mentions that both the 3D printer and the concrete recipe are bought as one
item. The reason behind that is the mixture must be malleable enough to flow through the
nozzle without harming it and that can be achieved by making the concrete excessively loose.
However there are several things that must be taken into consideration, including the early
load-carrying capacity to sustain the weight of the layers poured on top of each other without
deforming. Moreover, the adhesion between printed layers must be sufficient in order to
produce a homogenous body capable of withstanding future loads during usage. The moisture
content of the aggregates is also critical in terms of affecting the consistency of the mixture.
Measuring this content and adjusting it would prevent the changing in properties and texture
for the proportions of the mixture. On the other hand, the 3DPC mixture has many properties
in common with self-compacting concrete and shotcrete. 3DPC and shotcrete have the ability
to be shaped in various forms layer upon layer and both are extruded from a nozzle, while the
similarity to SCC is that both are vibration-free.
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1.1.2 Self-compacting concrete

Self-compacting concrete (SCC) is a specific form of concrete that was developed to flow
and consolidate on its own without using a vibrator. SCC is frequently used in a wide range
of construction applications, including high-rise structures, bridges, precast concrete
elements, and architectural projects requiring a high-quality finish.

Both Wang (2016) and Billberg (2006) highlight the uncountable benefits of SCC in terms of
production and placement. Moving from utilizing conventional cast concrete into SCC has
revolutionized the construction industry, offering huge advantages in various areas, such as
the placement, formwork and reinforcement, testing the quality, enhanced bonding with
crowded reinforcement, improved flowability, workability, and pumpability. SCC's
exceptional flowability makes it ideal for pumping, providing several benefits in terms of
quality, efficiency and safety in a variety of construction applications. In addition, hand
vibrations from handheld equipment, such as poker vibrators that are used to vibrate the
conventional concrete, increase the risk of hand troubles, particularly poor blood circulation
('white fingers') and numbness. The adoption of SCC avoids these issues. However,
Betongrapport (2020) states that utilization of SCC can also provide several benefits
regarding the working environment by making the work site quieter, which results in less
noise damage, less disturbance of neighbors and most importantly a safer work site. The hard
compaction labor is reduced, making the task far less taxing and hence beneficial to both
existing concrete workers, the recruitment of new personnel and the equipment costs.

1.1.3 Load-carrying capacity

Structural design is an important component of every structure, and it comprises a variety of
variables that must be carefully considered to ensure the structure's safety and stability.
Load-carrying tests are a significant aspect in structural design. The load-carrying capacity is
the structural member’s ability of withstanding the maximum amount of weight or load that it
can safely hold without failing or deforming. These tests are critical in ensuring the safety
and integrity of buildings, components, and materials in a variety of sectors, including
construction, engineering, and materials research, according to a BSc thesis by Fransson and
Larsson (2023). Load-carrying tests are used for more than just safety checks. They are also
used in research and development to determine how composite materials, building
techniques, and inventive designs function under various loads and situations. These
innovations have the potential to improve structural engineering and design.
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1.2 Aim and scope

The project's aim is to develop a technology in the areas of SCC and the interaction of
composite bridge columns with a preserved 3DPC formwork, based on a positive preliminary
research (pilot study). The objective of this thesis is to study the load-carrying capacity of
composite columns, made of 3DCP permanent formwork filled by SCC, and to compare them
to homogenous columns made solely of SCC.

The research questions that are of interest are:

● What is the maximum load-carrying capacity of the composite columns?
● Will 3DPC formwork filled with SCC perform, in regards to load-carrying capacity,

as well as traditionally cast SCC columns?
● What is the pressure exerted on the formwork by the SCC and is it reasonable?
● How strong is the bond between the 3DPC formwork and the SCC in the composite

columns and is it similar to that of previous studies?

1.3 Limitations

● The number of specimens is six, four of which are composite columns while two are
homogenous of SCC. The height of these specimens is limited to three meters.

● A comparison between composite columns of 3DCP with SCC filling and
homogenous columns of SCC is conducted; specimens with cross sections of steel
filled with concrete are not evaluated.

● Variation of concrete recipe, size and geometrical forms and load types are limited.
● How to practically utilize robots at construction sites is not investigated.
● Investigations in architectural elements are not considered.
● Shrinkage issues are not considered.
● How to reinforce the column is of less importance in this thesis.
● Evaluation of the durability of composite columns of 3DCP and SCC is not conducted

in this thesis but will be treated in a special report from the Division of Concrete
Structures at KTH.
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2. Methods

In order to investigate the load-carrying capacity of the composite columns as well as
compare the load-carrying capacity of the traditionally cast SCC columns with the composite
columns, six columns were constructed. Of these six columns, four will have a permanent
formwork out of 3DPC and two will have temporary formwork made of cardboard. Both
types of columns were equally reinforced and filled with SCC.

Table 1. Events diary.

Step Description Date
2023

Formwork
age in days

Concrete
age in days

1 Printing of formworks Aug 23-24 0

2 Preparation of reinforcement Sept 15

3 Preparation of timber form for
measurement of pressure

Sept 21

4 Casting of concrete Sept 22 27-28 0

5 Transportation of columns Oct 24

6 Load tests of columns Oct-Nov 31-03 70-73 39-42

7 Bond strength tests Nov 13-15 82-85 52-55

2.1 Construction of 3DPC formworks

According to Boned Ferrer (2021), the construction of 3D-formworks involves a series of
key steps, beginning with the design where the geometry for the four 3DPC columns was
produced in software Fusion 360 and then saved as a.f3d files, which is standard format for
3D-printing. In order for these files to be accessible in Repetier, they had to be converted into
a.stl files. Repetier is a simple application that can manage up to 16 extruders with multiple
filament kinds and colors simultaneously. Moreover, Repetier includes four different slicers
which can contribute to the slicing process and it also checks the accuracy of the outcome by
displaying individual filament colors before the printing process. Slic3r was utilized to split
the formwork portion into layers across four distinct slicers. A specific technique is essential
in 3D printing to produce instructions for Computer Numerical Control (CNC), commonly
referred to as Gcode. Gcode serves as the language comprehended by 3D printers and
consists of a text file containing commands that outline the path the print should follow.
These text files may need to be manually adjusted later because of problems during the STL
file to Gcode translation or special printer properties, such as structural layout. Due to the
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confidentiality agreement with the manufacturer, a thorough description of the concrete
recipe is not allowed and specific information regarding the components of the 3D printer
cannot be disclosed.

Figure 1. Steps in order to 3D-print concrete by Bahdi & Hosseini (2023).

In order for the concrete mix to be able to flow through the nozzle without harming it has to
be adequately flexible. In other words, the mix must be neither too liquid nor too loose as
well as provide an appropriate adhesion between the printed layers for a structure that is
capable of withstanding the load that will be applied on it.

After the mix qualities and technical factors have been established, the manual labor
component of the formwork building process must be detailed. The practical procedure began
with the dry components being mixed in a vertical mixer. The various components were put
into the mixer in a specified order, as mentioned before, the specifics of which cannot be
disclosed due to a proprietary agreement. A particular amount of water was added after the
dry materials were fully mixed, resulting in a homogenous mixture with no discernible
clusters of individual ingredients. The water was combined with the dry components until the
appropriate consistency was achieved. Subsequently, the blend was well-vibraded and then
poured and driven through a tube that is connected to the nozzle, extruded and placed to the
desired shape. By repeating the same procedure, all four sections were constructed
simultaneously implying that subsequent layers were not implemented until the ones of the
all formworks had been completed.
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2.2 3DPC formwork

The permanent 3DPC formwork was printed in segments through a nozzle connected to a
3D-printing machine by constantly adding layers to the desired level as shown in Figure 2
below. The dimensions of the columns are: an outer diameter of 𝜙 = 300 mm, an inner
diameter of 𝜙 = 250 mm, a 3DPC cross-sectional thickness of t = 50 mm and a height of H =
3000 mm.

The machine is filled with a special recipe that each company has. The concrete types utilized
in 3D printing have some properties similar to shotcrete and SCC, however, it lacks large
particles, therefore it resembles mortar more than traditional concrete.

Figure 2. Columns I–VI are reinforced and of interest for this thesis.

2.3 Reinforcement of columns

The experiment, as previously stated, consisted of six cylindrical columns, four of which
were made out of 3D-printed permanent formwork and two formworks were of strong
cardboard. Every column was strengthened with longitudinal reinforcing bars and transverse
ring reinforcement. The longitudinal reinforcement was made up of four 8 mm K-500-CT
reinforcing bars. The ring reinforcement measured 160 mm in diameter with a bar diameter
of 5 mm and had a center to center distance of 320 mm. Each column required a total of ten
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rings. In order to keep the longitudinal reinforcement and the rings in the correct position,
steel binding wires were utilized as shown in Figures 3 and 4 below.

Figure 3. The reinforcement

Figure 4. Reinforcement joints by steel binding wires.
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2.4 SCC mix
SCC is a concrete variant designed to enhance the working conditions for construction
workers and decrease labor expenses. The fresh SCC intends to have good ability to resist
segregation, good fluidity and the ability of self compacting. These beneficial properties
considerably improve the reliability and endurance of reinforced concrete constructions. In
order to produce a suitable SCC, it is crucial to have appropriate mix proportions, which can
help in assessing the qualities of the final concrete. The mix was delivered by a factory of
Betongindustri which is in very close proximity to the place of 3DP and casting. The recipe
that was used consisted of:

● Lime - 83 kg
● Stone - 0/8 mm 1032 kg
● Stone - 8/16 mm 685 kg
● Cement - 325 kg
● Water - 195 kg
● Fluidiser - 4.45 kg

The resulting concrete mixture had a nominal compressive strength grade of C28/35 with a
water cement ratio of 0.60.

2.5 Pumping the SCC concrete into the columns

2.5.1 Slump test

Before pouring the concrete, several slump tests were performed in order to check the
concrete floatability, consistency and suitability. Three slump tests were performed at
one-hour intervals, involving several concrete samples prepared from the same batch and
slump tests conducted at each set time interval. In order to acquire accurate and useful results,
it is critical to guarantee uniformity in sample preparation, curing conditions, and testing
protocols. Based on these tests, it can be determined whether the design mix is as per the
required quality without affecting the water cement ratio. The result is shown in Table 2
below.

Table 2. Diameter of slump test at various times and batches.

Batch 1 [mm] Batch 2 [mm] Batch 3 [mm]

Instant 670 670 700

After 1 hour 400 550 -

After 2 hours 200 320 -
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Figure 5. Slump test of SCC.

2.6 Formwork pressure
It was challenging to place the pressure sensors on the six cylindrical columns due to limited
space. In order to solve this issue an additional test body was constructed. The dimensions
that were used were 300 by 300 mm and a height of 3 m. The test body was made out of
plywood to measure the pressure exerted on the formworks. Pressure sensors were placed
with a center to center distance of 650 mm.

Figure 6. Formwork made out of plywood to measure the pressure exerted.
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2.7 Loading tests
The specimens were tested through a hydraulic press machine until they broke. The columns
were subjected to sequential compressive loading in multiple steps (Figure 7). In each step a
load of 350 kN was applied, the rate of loading was 150 kN/minute. The following step
occurred after two minutes and was applied in the same manner as the last step until the
specimen collapsed, yielding its ultimate strength. The dwell time of two minutes was to
allow for stabilizations of the deformation. There were sensors, in the concrete columns, that
measured the load that was applied and the deformation. Three columns each, were either
loaded throughout the whole cross-section or a smaller part of the cross section. The columns
that had a smaller part of its cross section loaded were done with the help of a circular plate
with a diameter of 200 mm placed centrally (Figure 8).

Figure 7. The hydraulic press machine used to conduct the load tests.
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Figure 8. The circular loading plate was centrally placed.
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3. Results

3.1 Formwork pressure

3.1.1 Formwork pressure of plywood form

In order to ensure that the structure can handle the pressure of SCC, a calculation of concrete
pressure on formwork must be carried out. An overestimation of pressure might result in a
complex temporary formwork which is also more expensive. On the other hand,
underestimating the pressure on formwork could result in a collapse of the temporary
formwork causing serious safety risks and damages, as mentioned in Section 2.4. In order to
measure the pressure in the rectangular column with plywood form, four sensors were
installed with a distance of 650 mm between each. The column was cast in three stages and
the formwork broke in the third stage which can be seen in Figure 9. It should be noted that
the leakage did not affect the six cylindrical columns.

The reason that the formwork started to leak is that the distance between the bracing was
increased to obtain surface area to allow for sensor installation, see Figure 9 below. Another
possible reason for the structural failure is that the distance between the concrete pump and
the poured concrete increased which is hypothesized to have created an impact load. It could
also be that it was not sufficiently tight between the bottom of the formwork and the plate it
stood on.
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Figure 9. Structural failure in the plywood formwork

Figure 10. Measured pressure for each sensor at each casting.
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3.1.2 Theoretical concrete pressure exerted on 3DPC form

The 3D-printed form experiences the highest pressure during the process of concrete casting
and this pressure can be affected by several factors. Among these factors are the height of the
form, the density of the poured concrete and its viscosity, as well as the pouring height. In
other words, the pressure at the bottom can be affected by the height from which the concrete
is poured, where the higher concrete poured the higher pressure applied on the formwork.
The pressure will rise proportionally with the liquid level as shown in Figure 11 below,
indicating that taller columns will experience increased pressure, and hydrostatic pressure
will be applied uniformly from all directions inside the form. The hydrostatic pressure can
deform the column and cause failure. In order to minimize the pressure on the form, the
concrete was poured in three stages, with the concrete height of one meter in each stage.
The concrete pressure imposed on the form can be computed by :
p = ρgh
ρ represents the liquid density, and g is the gravitational coefficient (g = 9.81 m/s²). In the
context of concrete, the specific weight, γ, is frequently expressed as the product ρg. For
concrete, a typical value for specific weight is γ = 24 kN/m³.

The pressure in the first sensor for the first meter:
p = ρgh
p = 24×(1-0.15)=20.4 kN/m²

Pressure in the second sensor for the first meter:
p = ρgh
p = 24×(1-0.65)= 8.4 kN/m²

Pressure in the second sensor for the second meter:
p = ρgh
p = 24×(2-(0.65+0.15))= 28.8 kN/m²

Pressure in the third sensor for the second meter:
p = ρgh
p = 24×(2-(0.65+0.65+0.15))= 13.2 kN/m²

Pressure in the third sensor for the third meter:
p = ρgh
p = 24×(3-(0.65+0.65+0.15))= 37.2 kN/m²

Pressure in the fourth sensor for the third meter:
p = ρgh
p = 24×(3-(0.65+0.65+0.65+0.15))= 21.6 kN/m²
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Figure 11. Illustration of pressure during casting by Silfwerbrand J. (2022).

Table 3. Comparison between the theoretical pressure and the measured pressure.

Sensor
number

Level [m] Pouring
height [m]

Time [h] Theoretical
pressure [kPa]

Measured
pressure [kPa]

1 0.15 1 0 20.4 23.3

2 0.80 1 0 8.4 10.4

2 0.80 2 2 28.8 22.8

3 1.45 2 2 13.2 17.4

3 1.45 3 3 37.2 35.5

4 2.1 3 3 21.6 24.1

3.2 Curing of the concrete

According to the Portland Cement Association, concrete curing is a crucial procedure that
requires maintaining suitable moisture, temperature, and time conditions to guarantee
optimum hydration and hardening of the cementitious components in the concrete mixture.
This is critical for producing the required strength, durability, and other concrete qualities.
The Figure 12 is a representation of the variation of the temperature during the concrete
curing.
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Before the pouring process, the reinforcement was placed inside the permanent formwork,
taking into consideration the proper space to the form and the correct position in order to
obtain the desired strength. In order to obtain the correct compaction and prevent segregation
among concrete ingredients, the concrete was poured on the appropriate height by entering
the pump pipe inside the column and pouring the mix from the bottom.

The concrete that was used is of quality C28/35 SF2 and was a self-compacting concrete
type. The concrete casting was carried out in three steps using three concrete mixes to ensure
that the formwork could withstand the pouring pressure. The initial step was pouring all six
columns up to the level of one meter. This proved to be difficult due to the depth of the
formworks making it difficult to see. The solution was inserting a measuring stick, while the
stick was useful, it was not exact. This is hypothesized to not have a significant effect since
the main reason for casting in three rounds was to ensure lower pressure exerted on the
formwork. After letting the concrete harden for one hour, the next pour was performed and
the procedure was repeated until the column was fully casted.

Table 4. Date & Time for the casting as well as temperature & weather conditions

Pour Date Time Temperature [℃] Weather

1 2022-09-22 11:53 17.9 Sunny

2 2022-09-22 13:38 18 Partly sunny

3 2022-09-22 14:45 17.7 Cloudy

Temperature acquired by SMHI through a measuring station located in Tullinge near
Tumba where the casting occurred.

Figure 12. Temperature for curing of the SCC.

19



The temperature during the 29 days of curing fluctuated between 19.1 °C and -3.9 °C. Large
temperature differences can cause cracks in the concrete during curing, as shown by Shabo
and Hosseini (2022). These types of cracks can be avoided by for example insulating the
concrete when large temperature fluctuations may occur.

3.3 Load-carrying capacity of concrete columns
Table 5. Summary of failures.

Column Type Load
Type

Theoretical
failure
load
[kN]

Achieved
failure
load
[kN]

Deformation
at max load
[mm]

Location
of failure

I Composite Whole 3962 2240 6.8 Top

II Composite Conc. 4083 1410 3.1 Top

III Composite Conc. 4083 1411 4.6 Top

IV Composite Whole 3805 2529 8.2 Bottom

V Homogeneous Whole 3112 2074 14.7 Bottom

VI Homogeneous Conc. 3112 1370 4.3 Top

The column chart (Figure 13) below illustrates the ultimate load-carrying capacities of the six
columns, where the blue pillars represent evenly loaded ones and the red pillars represent
centrically loaded columns. Columns I through IV are SCC columns with 3DPC formwork
and columns V and VI are homogenous SCC.

Figure 13. Failure load in kN for each tested column.
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3.3.1 Load-carrying capacity of wholly loaded columns
The following columns were evenly loaded over their whole cross section. The load was
applied gradually, increasing every two minutes. In each interval the columns were loaded
with 350 kN and the data collected continuously at a sampling rate of 10 Hz. In these three
columns the failure occurred in the base. Columns I and IV were made out of two materials in
other words 3DPC and SCC, while column V was made out of homogenous SCC.

Figure 14. Wholly loaded column.
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Figure 15 below demonstrates the load-carrying capacity of Column I. The composite
Column I failed at its top when it was subjected to a load of 2240 kN.

Figure 15. Load-deformation curve for Column I.

Figure 16. Failure of Column I.
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Figure 17 below demonstrates the load-carrying capacity of Column IV. The composite
Column I failed at its bottom when it was subjected to a load of 2529 kN.

Figure 17. Load-deformation curve for Column IV.

Figure 18. Failure of Column IV.
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Figure 19 below demonstrates the load-carrying capacity of Column V. The homogeneous
Column I failed at its bottom when it was subjected to a load of 2069 kN.

Figure 19. Load-deformation curve for Column V.

Figure 20. Failure of Column V.
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3.3.2 Load-carrying capacity of centrally loaded columns
The identical loading scenario was used for centrically loaded columns. At regular intervals,
the load was gradually raised, with each stage lasting two minutes. A load of 350 kN was
applied throughout each period, and data were continuously collected at a sampling rate of 10
Hz. The failures of these columns all occurred at the top level.

Among the columns subjected to concentrated centric loading, Columns II and III were
constructed using two materials. Column V, on the other hand, was made of a homogenous
SCC material.

This difference in material composition may have impacted the behavior of the columns
when subjected to eccentric stress and the results shed light on the structural response of
these various materials to such loading situations.

Figure 21. Centrally loaded column.
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Figure 22 below demonstrates the load-carrying capacity of Column II. The composite
Column I failed at its top when it was subjected to a load of 1410 kN.

Figure 22. Load-deformation curve for Column II.

Figure 23. Failure Column II.
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Figure 24 below demonstrates the load-carrying capacity of Column III. The homogeneous
Column I failed at its top when it was subjected to a load of 1411 kN.

Figure 24. Load-deformation curve for Column III.

Figure 25. Failure Column III.
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Figure 26 below demonstrates the load-carrying capacity of Column VI. The homogeneous
Column I failed at its top when it was subjected to a load of 1370 kN.

Figure 26. Load-deformation curve for column VI.

Figure 27. Failure column VI.
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3.3.3 Theoretical failure load of columns
The theoretical failure load is calculated to be compared to the achieved results in each
column. In order to compute the failure load of the composite columns the cross sectional
area of the 3DPC is multiplied by its compressive strength plus the area of the SCC
multiplied by its compressive strength. For the homogenous SCC columns the failure load is
calculated by multiplying the cross sectional area with its compressive strength, see equations
1 and 2.

The achieved compressive strength for the 3DPC and the SCC are presented in Tables 6 and 7
respectively. The compressive strength presented refers to the compressive strength at the day
of testing.

Table 6. Compressive strength of 3DPC.

Sample Compressive strength [MPa]

1 59.0

2 52.7

3 57.4

Average 56.4

Table 7. Compressive strength of SCC.

Sample Compressive strength [MPa]

1 45.7

2 41.9

3 43.9

Average 43.8
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Table 8. Measurements of each Column.

Column Minimum
circumference
[mm]

Diameter
[mm]

Radius
[mm]

Radius of
SCC
[mm]

Area of
SCC
[m2]

Area of
3DPC
[m2]

I 990 315.1 157.6 105.0 0.035 0.043

II 1005 319.9 160.0 106.6 0.036 0.045

III 1005 319.9 160.0 106.6 0.036 0.045

IV 970 308.8 154.4 102.9 0.033 0.042

V 945 300.8 150.4 150.4 0.071 -

VI 945 300.8 150.4 150.4 0.071 -

f3DPC A3DPC + fSCC ASCC = F Equation 1× ×
fSCC ASCC = F Equation 2×

Where F is the failure load, f3DPC is the measured compressive strength of 3DPC, A3DPC is the
3DPC cross sectional area of the column, fSCC is the compressive strength of the SCC and
ASCC is the cross sectional area of the SCC.

Column I

f3DPC A3DPC + fSCC ASCC = F× ×

56.4 106 0.043 + 43.8 106 0.035 = 3962 kN× × × ×

Column II

f3DPC A3DPC + fSCC ASCC = F× ×

56.4 106 0.045 + 43.8 106 0.036 = 4083 kN× × × ×

Column III

f3DPC A3DPC + fSCC ASCC = F× ×

56.4 106 0.045 + 43.8 106 0.036 = 4083 kN× × × ×
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Column IV

f3DPC A3DPC + fSCC ASCC = F× ×

56.4 106 0.042 + 43.8 106 0.033 = 3805 kN× × × ×

Column V-VI:

fSCC ASCC = F×

43.8 106 0.071 = 3112 kN× ×

3.4 Bond strength between 3DCP and SCC
The bond between the materials was tested by drilling out cores of the columns where the
materials interacted. For each composite column three drill cores were drilled out at the top,
middle and bottom part of the column. Subsequently three tests were conducted for each
composite column.

Table 9. Summary of bond strength.

Sample Bond
strength

Area Failure
load

Location of the fracture [%]

fb
[MPa] [mm2]

F
[N]

SCC Bond zone 3D-Concrete

I-1 1.29 5958 7715 100 0 0

I-2 2.31 5958 13755 90 0 10

I-3 2.03 5958 12162 100 0 0

II-1 1.4 5958 8335 95 0 5

II-2 2.18 5945 12943 100 0 0

II-3 2.11 5945 12546 100 0 0

III-1 1.64 5958 9793 0 100 0

III-2 1.67 5958 9954 0 90 10

III-3 1.61 5958 9611 0 50 50

IV-1 2.06 5958 12294 0 50 50

IV-2 1.98 5958 11783 100 0 0

IV-3 0.73 5958 4354 0 100 0
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In five of the twelve samples the failure occurred mostly in the bond zone. The remaining
seven failures occurred either in the SCC or in the 3DPC. In the seven cases where 0% of the
failure occurred in the bond zone, the conclusion can only be that the bond strength was at
least as strong as the failure strength.

In the five cases where the failures occurred mostly in the bond zone the bond strength
amounted to at least 1.6 MPa in all but one case where it only amounted to 0.73 MPa.

In Columns I and II, no failures occurred in the bond zone. In Columns III and IV the failures
occurred mostly in the bond zones.
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4. Discussion, Conclusions and Further Research

4.1 Discussion
In terms of formwork pressure, the 3DPC formwork is strong enough to resist the pressure
that is exerted on it during pouring and during curing. An aspect to note is that 3DPC
formwork does not need to cure for 28 days to cast the SCC. It is a coincidence in this case,
which means that constructing the columns can take less time. This thesis does not examine
the least amount of time possible between printing of formwork and casting of SCC.

There is a disparity between the theoretical and measured pressure. This disparity arises from
the concrete being poured to a height slightly greater than one meter, causing a deviation in
the obtained results. Figure 10 which represents measured pressure shows a particularly high
pressure at the time of the third casting. This high pressure is due to the casting of concrete
occurring from a high height causing an impulse load which in turn caused the plywood
formwork to leak. Another hypothesis is that it was not sufficiently tight between the bottom
of the formwork and the plate it stood on. The measured pressure is reasonable in comparison
to the theoretical pressure.

Another detail to note is that in cases of large temperature variations, it is recommended that
the columns are insulated since cracks may appear as seen in Shabo and Hosseini. This is
particularly highlighted in Nordic fall and winter and should be considered. Fortunately large
enough temperature variations causing cracks did not occur during the curing of the
specimens in this case.

In terms of load-carrying capacity the composite columns perform at least as well as the
homogenous formwork if not better when loaded over the whole cross section. Column IV
performed the best while Columns V and I performed similarly. An aspect that could have
had an impact on the performance of Column I is that there was a suspected air bubble at the
surface of loading resulting in a load not distributed over the whole cross section.

For the concentrated centrally placed load the composite and homogenous columns also
performed similarly. However in comparison to the wholly loaded cross section the columns
performed worse. This can be due to either an eccentricity that occurred during testing or that
adhesion was not achieved between the materials in the columns. The hypothesis that
adhesion was not achieved is clearly disproven by the bond strength results and due to the
fact the homogenous column also performed worse which should not be the case according to
Grauers (1993). An eccentricity is therefore more likely, however in such a case a similar
eccentricity is applied to all columns with concentrated central loads which seems
improbable. For Column V the deformation curve does not conform to the shape of the other
specimens. This is thought to have happened due to an air bubble around the sensor which
measured the load and deformation and therefore impacting the result, see Figure 20. It is
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more likely that a factor was altered during testing, than adhesion not achieved, due to the
fact that the homogenous column also performed worse which should not be the case.

The calculated theoretical failure load is significantly higher than the achieved failure load,
which is true for both the composite columns as well as the homogenous columns. This
suggests that the issue is not the compressive strength of the composite column but an issue
in testing or another factor since the theoretical failure load is achieved by neither type of
column. The technology is promising in terms of load-carrying capacity for composite
columns of 3DPC and SCC.

In comparison to past bond tests the results are better, in previous bond tests the bond
strength was measured to around 1 MPa for composite columns of SCC and 3DPC. In a few
samples of the past tests the specimens amounted to only around 0.4-0.55 MPa as reported by
Boned Ferrer (2021). For a small majority of the bond strength specimens the failure did not
occur in the bond zone which means that the bond strength was at least as strong as the
failure strength. These are also a promising indication that bond strength is not an issue.
Further, among the specimens that did fail only three failed completely or near completely in
the bond zone while two failed half in the bond zone and half in the 3DPC. The lowest
measured bond strength was 0.73 MPa while the next weakest specimen measured 76 %
stronger at 1.29 MPa. This is further indication that bond strength is not an issue, especially
considering the bond strength that is usually achieved in concrete at around 1 MPa as stated
by Silfwerbrand (2022).

4.2 Conclusions
It is difficult to arrive at a conclusive conclusion due to the limitation on the number of
specimens, however the results show promise that the technique will perform at the very least
as well as SCC concrete columns in terms of load-carrying capacity. One can also quite
certainly conclude that bond strength between the materials will be sufficient in the
composite columns.

4.3 Further research
For further studies, it is recommended to conduct tests that investigate if eccentricity is a
problem. Other studies could include evaluating the long-term durability of these columns
which will be treated in a special report from the Division of Concrete Structures at KTH.
One other recommended study is an investigation on which is the most suitable technique to
reinforce such columns. Another study recommended to be conducted is the aforementioned
study on the least amount of time possible between printing the formwork and casting the
concrete. Studies regarding the economic advantages of 3DPC formwork should also be
conducted.
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