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Abstract:  Cement manufacturing is, because of its production process, among the highest contributors to 
CO2 emissions worldwide. As cement is one of the major components in 3D printed concrete, achieving 
sustainability and carbon neutrality can be particularly challenging. To improve the sustainability of 3D 
printed materials, different CO2-reducing strategies can be used, each one with a distinct level of impact 
and complexity. In this work, we focus on the development of these sustainable mixtures by finding 
alternatives. Promising alternatives for cement and clinker replacement include the use of recycled building 
materials, amongst which (calcined) bricks and roof tiles. To study the potential of recycled clay-based 
building materials, the properties of calcinated clay are first thoroughly studied. Compared to cement, the 
calcination temperature of clay-based materials is significantly lower, resulting in reduced CO2 output. 
Reusing these materials is therefore a promising solution for utilizing waste streams while simultaneously 
reducing the cement content in 3D concrete mixtures. In addition, waste streams can be locally sourced, 
thereby reducing the emitted CO2 during transportation. In this research, various alternative binders are 
examined, such as calcined clay blends from recycled tiles and bricks, or locally obtained clay resources. 
Using various experiments, a high potential for mix designs including these resources has been shown 
concerning material strength, while sustaining decent printability and buildability. Therefore, the defined 
strategies are promising and can lead to a more sustainable, low-CO2 mixture suitable for 3D printing while 
using accessible materials
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1. Introduction 

Worldwide, concrete is one of the most used construction materials, with a production of approximately 25 
billion tons. Its primary binding constituent, Portland cement, accounts for 8% of the world’s total CO2 
emission. As such, interest in replacing Portland cement with sustainable material alternatives is increasing. 
As 3D printed concrete (3DPC) often requires twice as much cement compared to traditional concrete, the 
use of sustainable supplementary cementitious materials is especially important in the field of 3DPC.

Portland cement can be replaced by supplementary cementitious materials (SCMs) or geopolymers to 
increase the sustainability of 3DPC. Conventional SCMs such as fly ash, silica fume and blast furnace slag 
have already frequently been researched in literature. However, limitations regarding the long-term 
application of these commonly used SCMs may soon occur, as they are by-products of the production of 
(polluting) building materials which will be scaled down in the future. Figure 1a shows an overview of the 
available tons of these SCMs per year, which is relatively low compared to the global requirement. In 
contrast, both clays and limestone are one of the most abundant materials. Clay, as a natural material 
source, is a common building material that has been used in construction projects for thousands of years. 
The abundant availability of clays around the world, lower transportation costs when locally sourced and 
low CO2

 emissions make it a promising, sustainable SCM. Additionally, local clays have the potential to be 
used as an SCM because of their pozzolanic properties, which allow the clay to form a durable binder 
material by reacting with (hydrated) lime. Thus, for designing new, sustainable concrete, clays are identified 
to be suitable long-term solutions for developing new 3D printable mix designs (1). 



Clays can be both calcinated, heated for elongated periods of time at a temperature of 450 – 800ᵒC, and 
unfired. While calcined clay tends to be a viable replacement for cement in concrete mixtures, unfired (raw) 
clay holds several advantages (2).  For example, the absence of a calcination step leads to lower costs and 
prevents CO2 emission during heating of the material. Additionally, not all locally available clays are suitable 
for calcination and thus research into locally sourced, unfired clays as SCMs is required (3). Compared to 
calcinated clay, unfired clay also holds some disadvantages as unfired clay is generally less reactive, leads 
to more shrinkage and related crack formation, and has a longer setting time. However, the additional 
decrease in carbon footprint by using unfired clays and the fact that unfired clay is locally available 
throughout the world warrants research into this less studied material to further decrease the footprint of 
cement.

The strength and mechanical behaviour of raw clays can vary greatly depending on the clay composition, 
such as the kaolin content. Kaolin is a common mineral that, if present in a clay material, can help to improve 
the strength properties and plasticity of the concrete mixture. While the demand for pure kaolinitic clays is 
relatively high from the ceramics industry, clays with a relatively lower kaolin content remain unused in these 
industries. The abundance of low-kaolinitic clays makes them promising for construction purposes, but the 
potential of low-kaolinitic clays remains to be elucidated (1). 

In this study, the potential of using local, low-kaolinitic clays as cement replacement in 3D printed concrete 
is examined to reduce the CO2 output of the mix designs while retaining suitable performance in a strength 
range between adobe bricks and concrete. For this purpose, three different local Dutch and German clays 
are characterized to study the potential, suitability, and mechanical behaviour of the clay-containing 3D 
printed concrete. Various mixtures where 50 wt% cement is replaced by clay have been tested on strength 
development, flowability, and initial printability. In addition, the effect of increasing the clay content and 
increasing the aggregate/binder ratio has been studied. 

Figure 1. a) Amount of globally available raw materials, in million tons/year (1) 
b) Extraction locations of the clays used in this research, indicated by white crosses

2. Materials and methods

2.1.1 Materials

In this research, three different clays from the region of West Central Europe are analysed. Geertjes golf 
(GG) clay was locally supplied from the Netherlands, and the Belgern (BG) and Brandis (BR) clays from the 
mid-eastern part of Germany. Figure 1b shows the locations where the three different clays were extracted. 
The choice of clay materials was mainly based on kaolin content, drying shrinkage, organic content, and its 
local availability. 
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Prior to use, the clays were oven-dried at a temperature of 100 ºC for 12h before milling to the desired 
particle size. The chemical composition of the clay material was analysed by x-ray fluorescence (XRF, 
PANalytical Epsilon 3). Compounds with a minor contribution in the XRF results (< 0.30%) are not shown in 
the table. Thermogravimetric analysis (TGA) was performed using a heating rate of 10 ºC/min from 40 to 
1200 ºC under a N2 flow rate of 20 ml/min (Netzsch STA449 F1 Jupiter). Based on the observed mass loss 
at various temperatures, the thermal stability and chemical composition of the materials is determined.

The tested mix designs are based upon previously reported 3D printable mix designs and consist of local 
clays, CEM I 52.5R, fine aggregates <2 mm, a commercially supplied superplasticizer, and an accelerator. 
The particle size distribution of the applied fines is presented in Figure 2. 

Figure 2.  Particle size distribution of the applied clay and cement fines

2.2 R3 test – isothermal calorimetry

To investigate the reactivity and early age hydration of the different clays, the heat evolution (mW/g) and 
cumulative heat (J/g) of the clay pastes is determined using isothermal calorimetry (TAM Air Isothermal 
Calorimetry 8-channel). The pozzolanic reactivity of the clays was tested using the R3 testing method (Rapid, 
Relevant and Reliable) to examine the heat release of exothermal hydration reactions (2).  The full testing 
method is specified in ASTM C-1897-20: Standard test methods for measuring reactivity of SCMs by 
isothermal calorimetry and bound water measurements. Following this standard, the clays were mixed with 
CaOH2, CaCO3, and a potassium solution containing KOH and K2SO4 before performing the calorimetry 
measurements at a temperature of 40 ºC ± 0.05 ºC for 7 days (4). Samples were mixed for 2 minutes before 
the calorimetry measurement. 

2.3  Mixing procedure clay-concrete samples 

3D printable clay-based concrete samples were prepared following regular 3D printable mixtures. First, a 
homogeneous binder mixture was prepared by premixing the dried clay fines for 2 minutes with the cement 
and aggregates. The water, superplasticizer and accelerator were gradually added to obtain a smooth and 
suitable mix design. 

Table 1 shows an overview of all 3DPC mixtures. To evaluate the effect of the different clays, the 
aggregate/binder ratio was set at 1:1 and the accelerator content was kept constant. The amount of 
superplasticizer was chosen for optimal workability with respect to the binder content. The W/B ratio has 
been varied based on the tested mix designs to assure good workability and printability, with the optimal 
W/B range shown in Table 1. Compared to regular 3DPC, the studied mixtures have 50 wt% cement 
replaced by clay (50GG, 50BG, 50BR). For the most promising clay (Brandis), the clay content was varied 
from 25 - 75 wt% (25BR, 50BR, 75BR). Furthermore, the aggregate/binder ratio is increased to 2:1, which 
is expected to positively influence the strength development over time (50BR_200AG). 



Mortar specimens were prepared for compressive and flexural tests conform BS EN 196-1:2005 (5). 
Specimens with a size of 40 x 40 x 160 mm3 were cast and demoulded after 1 day of drying, after which the 
samples are sealed in plastic until testing after 1 and 7 days. A standard mini slump test was performed to 
determine the slump flow of the different mix designs. Promising mix designs were tested on their printability 
using an electric caulking gun. 

Table 1. Mixture proportions of the tested clay-cement mixtures

Mix design Clay 
(gr)

Cement 
(gr)

Sand 
(gr) W/B ratio Accelerator 

(binder wt%)
Superplasticizer 

(binder wt%)
50GG 300 300 600 0.50 ±0.02 1.50 2.25
50BG 300 300 600 0.50 ±0.02 1.50 2.25
50BR 300 300 600 0.50 ±0.02 1.50 2.25

25BR 150 450 600 0.42 ±0.02 1.50 1.50
75BR 450 150 600 0.62 ±0.02 1.50 3.00

50BR_200AG 300 300 1200 0.50 ±0.02 1.50 2.25

3.  Results and analysis

3.1 Characterisation of raw clay materials

The chemical composition of the dried clays was determined by XRF, with the results shown in Table 2. The 
presence of clay minerals such as kaolinite, smectite, and illite are important parameters for pozzolanic 
activity and thus for the reactivity of the clays in the mix design. Minerals such as K2O can be related to the 
presence of illite minerals in the clay, while Na2O and MgO are related to smectite (6). As these elements 
are only present in minor amounts in the applied raw clays, it can be assumed that the presence of both 
illite and smectite is negligible.

Table 2. XRF composition analysis of clays and cement   
SiO2 Al2O3 Fe2O3 K2O MgO CaO TiO2 SO3 In2O3

Brandis (%) 61.11 28.41 3.58 1.79 0.61 0.41 3.78 -- --

Belgern (%) 62.10 24.52 2.11 0.92 0.43 0.33 2.90 -- --

Geertjes golf (%) 60.67 17.76 5.11 2.08 1.56 5.07 0.66 -- --

CEM I 52.5R (%) 16.38 3.66 3.64 0.40 1.33 67.84 0.33 3.10 0.52

Figures 3a and 3b show the thermogravimetric analysis data (TGA) of the three different raw clays. Up to a 
temperature of ± 350 ºC, the heat loss is mainly related to the evaporation of water. For the Geertjes Golf 
clay the major peak can be found at around 700 ºC, which is assigned to either the dihydroxylation of illite 
and smectite, or calcium carbonate (6–8). In contrast, for the Brandis and Belgern clays the most significant 
mass loss is shown in the region between 350 – 600 ºC, which is assigned to the transformation from 
kaolinite to metakaolin and indicates a higher percentage of kaolinite compared to Geertjes Golf. The 
kaolinite content wt%kaol-OH is determined based on the mass loss during kaolinite dehydroxylation as stated 
in Avet et al. (9)  An estimated kaolin content of respectively 9% (GG), 31% (BG) and 34% (BR) was 
determined with an error of 2%. These clays are defined as ‘low-grade’ kaolinitic clays (6). 



Figure 4 shows the heat evolution and cumulative heat of the R3 samples tested by isothermal calorimetry. 
Results are normalized to the mass of the raw clay and are shown for a duration of 24h for the heat evolution 
rate (a) and 168h (7 days) for the cumulative heat (b). A high initial peak is observed at the start of the 
measurement, related to the formation of ettringite. Figure 4b shows that both Belgern and Brandis show a 
comparable cumulative heat, which again indicates a higher strength in the mix design compared to the 
Geertjes Golf clay. No successive peaks are observed in the heat evolution rate, indicating no additional 
reactivity of the raw clays. Based on the thermal characterisation of the different clays it can be concluded 
that the Brandis and Belgern clays are the most reactive due to a higher kaolin content and are therefore 
expected to give a higher strength to the final mix designs compared to Geertjes Golf clay. 

Figure 3.  Thermogravimetric analysis of different local clays showing a) TG, and b) DTG results

Figure 4.  R3 isothermal calorimetry of clays to determine a) heat evolution, and b) cumulative heat

A) B)
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3.2   Fresh state behaviour: workability and flowability

To understand the fresh state behaviour of the mixtures, the flowability and mixture behaviour regarding 
water uptake and setting behaviour were analysed. The flowability was tested using slump flow 
measurements. Specific values on the optimal size range of slump flow for 3D printing purposes are not 
standardised yet, and as such a suitable range is defined based on experience and previous research.
No significant differences regarding water demand and workability were found for the mixtures including 50 
wt% clay, as shown in the slump test results in Figure 5 (filled symbols inside the oval). A slight improvement 
in workability (ease of mixing) was found for the mixtures with an increased aggregate content, although 
this did not influence the slump flow behaviour. For mixtures including 25, 50 or 75 wt% Belgern clay (25BR, 
50BR, 75BR, respectively), a decrease in slump flow and workability was observed when keeping the 
superplasticizer and W/B ratio constant (not shown in the figure). This decrease is related to the high water 
demand of the clays, which highly influences the slump behaviour and thereby the flowability of the mixtures. 
To have a similar range in slump and flowability for the final mixtures, the W/B ratio and absolute 
superplasticizer content varies between the mixtures with different percentages clay. For 75BR, the W/B 
ratio requires a minimum value of 0.60 to retain a suitable slump flow rate and workability. Below this ratio, 
the mixture was found to harden too fast and showed reduced cohesion between the binder and aggregates. 

Figure 5.  (a) Slump flow behaviour of various cement-clay mixtures and (b) visualisation 
samples mini-slump flow test

3.3   Hardened state behaviour: strength development after 1 and 7 days

The flexural and compressive strength were determined for all samples after 1 and 7 days, with the results 
shown in Figure 6. Overall, Brandis or Belgern clays result in both a higher flexural and compressive strength 
compared to Geertjes Golf for the 50 wt% mixtures, owing to the higher kaolin content of the two clays. 

When increasing or decreasing the clay content (25BR, 50BR, 75BR), significant differences can be 
observed in strength development over time. As expected, the highest clay content resulted in the lowest 
compressive and flexural strength due to the lower reactivity of clay compared to cement. Strikingly, for the 
flexural strength the difference between 25BR and 50BR was negligible after 7 days. When increasing the 
clay content to 75 wt% a large reduction in mechanical strength is observed, which can be insufficient for 
structural printing purposes. Strength development may be improved through the addition of an extra 
(sustainable) component such as a combination of (hydrated) lime and a silica source (10).

No increase in compressive strength was found for the mixtures with an increased aggregate content. 
However, a higher aggregate content did result in a higher flexural strength after 1 day of curing compared 
to the regular amount of aggregate. Besides this, the total amount of cement is further reduced from 25 to 
16%. 



Figure 6.  (a) Compressive strength and (b) Flexural strength of clay-based mixtures

3.4  Printability and buildability 

The initial printability and buildability of selected mix designs were tested using an electric caulking gun. 
Although all final mixtures were printable, large differences in quality and buildability were observed. Figure 
7 shows a visualisation of two of the printed mixtures, namely 50GG and 75BR. It can be observed that the 
print in Figure 7 on the left is smoother, and shows more cohesion between the separate layers compared 
to the printed element on the right. Overall, a higher clay resulted in a grainier texture of the mixture which 
decreased the printability. The aggregate content did not noticeably influence the printability. The addition 
of a natural viscosity modifying agent may further improve the printing quality. 

Figure 7.  Printing tests of (a) 50BR and (b) 75BR

4. Conclusions

This study has shown the potential of using locally sourced low-kaolinitic clays as a partial replacement for 
cement in 3D printable concrete mixtures to design more sustainable construction elements. Three local 
West Central European clays (Belgern, Brandis, Geertjes Golf) were analysed for their clay properties and 
tested on their mechanical properties and printability as a 3DPC mixture. Although the focus of this research 
is on West Central European clays, the knowledge obtained from this research can be applied to all different 
low-kaolinitic clays available in the world. As such, each country can use its own local-sourced sustainable 
earth materials for its concrete mix design to prevent CO2 emissions during clay transport. By demonstrating 
the potential for using local low-kaolinitic clays as cement replacement in 3DPC, we provide a sustainable 
alternative to traditional concrete production methods which can easily be adopted by the construction 
industry. Using the clays described in this research, the following conclusions are drawn:



 Both Brandis and Belgern clay showed a relatively high reactivity compared to the low-reactive 
Geertjes Golf clay. The higher mechanical strength of the mix designs containing the more reactive 
Brandis and Belgern clays was confirmed from the mechanical testing results after 1 and 7 days for 
the 50 wt% clay mixtures.

 An increase in clay content requires an increase in the amount of water required to maintain a 
printable mix design. Shrinkage (cracking) problems, related to higher water content, were not 
observed in the printed concrete. Additionally, increasing the clay content to 75 wt% reduced the 
mechanical strength, while similar flexural strengths were found for the 25 and 50 wt% mixtures.

 Doubling the aggregate content showed a comparable compressive strength compared to similar 
mixture with a lower aggregate content, while the flexural strength of 1 day cured samples was even 
increased. This strength retention is observed while the cement content in the mixture was further 
decreased from 25 to 16%. Increasing the aggregate content by can be further improved using the 
particle packing method for optimised mix designs.

 Initial printing tests showed the potential of these mix designs for sustainable 3D printed concrete.

Based on the observed material behaviour, it can be concluded that the use of low-kaolinitic raw clays is 
promising for local, sustainable 3D printed concrete mix designs. Further research will be focused on 
improving the mechanical properties of the mixture by increasing the aggregate content or the (hydrated) 
lime and Si/Al content. 
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