
 Eindhoven University of Technology

MASTER

Strength development of concrete used for 3D concrete printing
determination of the influence of temperature on the development of concrete strength
properties before initial set and the applicabillity of maturity methods

Hermens, L.J.

Award date:
2018

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/f2494d43-1eee-4a93-9848-b209b9f67ac3


GRADUATION THESIS 

L.J. Hermens 

 

 

 

 

  

 

Strength development of concrete used for 
3D concrete printing 

Determination of the influence of  temperature on the development of concrete strength properties before initial 
set and the applicability of maturity methods 

 
 
 



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

I 

 

  



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

II 

 

 
 
 
 
 
Title:     Strength development of concrete used for 3D concrete printing 
 
Subtitle: Determination of the influence of  temperature on the development of 

concrete strength properties before initial set and the applicability of 
maturity methods 

 
Report number:   A-2018.210 

Version:    1.0 

Date:    February 2018 

 

Student:   L.J. (Lex) Hermens 

ID-number:   0767411 

Email:    l.j.hermens@student.tue.nl 

    lexhermens@hotmail.nl   

 

Graduation committee:  Prof. dr. ir. T.A.M. (Theo) Salet  (Chairman) 

    Dr. ir. F.P. (Freek) Bos 

    R.J.M. (Rob) Wolfs MSc 

     

  

Eindhoven University of Technology 

Faculty of the Built Environment 

Master Architecture, Building and Planning 

Specialization Structural Design 

mailto:l.j.hermens@student.tue.nl
mailto:lexhermens@hotmail.nl


Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

III 

 

  



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

IV 

 

Preface 

This thesis is de end product of the graduation project which I worked on enthusiastically over the course of 

the last year. The project is part of a larger research program for 3D concrete printing at the Eindhoven 

University of Technology, faculty of the built environment, specialization Structural Design. 

This project has been carried out under the supervision of Prof. Dr. Ir. T.A.M. (Theo) Salet, Dr. Ir. F.P. (Freek) 

Bos and R.J.M. (Rob) Wolfs MSc. I would like to thank them for their feedback and support throughout the 

entire project.  

I would not have been able to complete this graduation project without the help of the employees of the 

Structural Design Laboratory. They never failed to reach out with a helping hand with their extensive practical 

knowledge of experimental testing, so I would like to express my gratitude to them. 

Furthermore I would like to thank my fellow students in the 3DCP research group. A lot of them were often 

present on floor 5 of Vertigo, which created a pleasant atmosphere to work in. Most of them also helped with 

carrying out the experiments that were part of this project. Special thanks to Rogier Appels and Daan Glas, who 

also helped me with completing the experimental program. 

Finally I would like to thank family and friends who always supported me over the course of my study and this 

graduation project. 

Lex Hermens 

Eindhoven, February 2018 

  



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

V 

 



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

VI 

 

Abstract 

In the present day 3D printing techniques gain terrain in in a varying range of disciplines, one of which is the 

building industry. Several companies around the world develop concrete printing techniques, which could 

potentially lead to more efficient material use and less labour compared to traditional building methods. Most 

of this development is based on a trial-and-error kind of approach, leading to printing methods that are only 

applicable to specific cases. 3D concrete printing (3DCP) research at the Eindhoven University of Technology 

aims to develop a controllable printing technique that is more generally applicable. Understanding the relations 

between the printed material, the printing technique and the printed object is an important part of this 

process. 

The research presented in this thesis aims to gain a better understanding of the printed material in its fresh 

state and the influence of temperature on it. This is particularly relevant for concrete printing research, 

because printed concrete already needs some bearing capacity directly after placement in order to carry the 

load of following layers. Therefore the fresh concrete properties largely dictate the geometries that can be 

printed. Temperature is an important factor in this for two reasons. First of all temperature influences the 

properties of concrete by affecting the hydration process that causes concrete to harden. Secondly, concrete 

temperature during printing is difficult to control, due to varying environmental conditions, exothermal 

reaction heat and friction in the print system. 

First a literature study is carried out to gain understanding of the underlying principles of concrete hardening 

and the effects of temperature on it. Besides the chemical hydration process, also physical factors that 

influence the behaviour of fresh concrete are investigated. Furthermore, the use of maturity methods on fresh 

concrete is explored. Maturity methods are used to correlate the age and temperature history of concrete with 

its strength. Currently maturity methods are mostly used to predict concrete strength of ages ranging from 1 to 

28 days. The use of maturity methods on printed concrete could be a valuable tool for controlling the print 

process, as it allows the user to predict the developing properties of freshly printed concrete at all times. This 

could increase the design freedom, because more accurate predictions can be made about what can and 

cannot be printed.  

An experimental program is carried out in order to determine the influence of temperature on the strength 

development of concrete used for printing. Unconfined uniaxial compression tests are performed on cylindrical 

specimens of varying ages and with varying temperature histories. A significant temperature influence was 

observed for concrete of ages larger than 75 minutes. A much smaller influence of temperature was observed 

for concrete of ages younger than 30 minutes. 

The theory of concrete maturity is applied to the results of the experimental program in order to find a relation 

between the maturity and strength of fresh concrete (ages younger than 2 hours). The temperature sensitivity 

of a cement, which is measured with the activation energy, is a key property in determining the maturity index 

of hardening concrete. In practical use the activation energy is almost always assumed as a constant value, as 

this is sufficiently accurate for the purposes that it is used for. However, research has shown that this value 

varies during the hardening process. This is especially the case in the first stages of the hydration process. This 

can also be deducted from the results of the experimental program described in this thesis, as it is not possible 

to establish a clear relation between the maturity and the strength of the specimens with an assumed constant 

value of activation energy. A scenario where no strength-maturity relation of concrete younger than 30 

minutes exists can also not be excluded based on the test results of the experimental program. In this case the 

material properties of concrete of these ages is dictated by other phenomena than the hydration process. 
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A proof of concept is carried out in order to relate the findings of the experimental program to printed 

structures. Wall type elements were printed up to the point of collapse under regular conditions as well as 

under elevated temperatures. The results showed that relatively small elements were unaffected by the 

elevated temperatures, while larger elements were positively affected. This is in correlation with the results of 

the experimental program.   

The results of this research have proven that temperature is indeed an influential factor in the strength 

development of fresh concrete. The use of maturity methods show potential in predicting fresh concrete 

strength, however the exact strength-maturity relation of freshly printed concrete remains unclear, mainly due 

to the unknown value of the activation energy. Further experimental research is needed in order to in order to 

investigate this relation. 
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1. Introduction 
In the present day the technique of 3D printing develops in a remarkably fast pace. In other fields than the 

building industry 3D printing is already widely accepted as a viable production method. The advantages of 3D 

printing are obvious; less labour, more efficient use of material and more design freedom. However, the 

development of automated manufacturing in the building industry is not as developed as in other industries. 

Complex material related challenges and a generally conventional industry are the main reasons for this. 

At the same time, climate changes challenge the building industry to become more sustainable. Currently more 

than half of the world’s population live in cities and a third of all emissions on earth are a result of the building 

industry. Urbanization will not stop in the coming years, so these already massive numbers will increase even 

further. This makes the development of sustainable building methods a necessity and overcoming the complex 

challenges of concrete printing worthwhile. 

1.1. Concrete printing 
Khoshnevis was a pioneer in bringing automated manufacturing to the building industry by developing the 

concept of contour crafting (CC) (Khoshnevis, 2004). As the name implies, building contours are automatically 

crafted in concrete by using a gantry robot. Structural elements with a span, like lintels and floor elements, are 

also automatically placed. Figure 1.1a shows an impression of this concept. The development of contour 

crafting and concrete printing has accelerated since then.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: a: concept of contour crafting. b: bench printed with high resolution. c: on site sewer pit construction by 
CyBe. d: Print setup at Eindhoven University of technology 
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The bench shown in Figure 1.1b is an example of this development (Le, 2012). Concrete is extruded with a high 

resolution, which makes it possible to accurately print openings that can be used for wiring and isolation 

among other things. A recent development of 3D concrete printing is shown in Figure 1.1c. CyBe developed a 

robotic arm which is able to print small construction elements on site (CyBe Construction, 2016).  In February 

2017 CyBe ran a pilot for constructing a sewing pit joint in the municipality of Oss. Figure 1.1d shows the print 

setup at the Eindhoven University of Technology. The printer head can be moved in x, y and z direction and 

rotate along the z-axis, within the 9 × 4.5 × 2.8 m
3
 cage. This allows the printer to extrude a wide variety of 

shapes within the plane parallel to the print surface. The toolpath of the gantry robot is controlled with a 

control unit with the use of G-codes. At the end of the printer head the material is extruded through a nozzle. 

The shape of the extrusion can be altered by changing the shape of the nozzle. Most of the time a stainless 

steel nozzle is used, but plastic 3D printed nozzles can also be used. 

1.2. 3DCP 
Many parameters are involved in concrete printing techniques. Geometry of the printed object, print speed 

and material properties to name but a few. Most concrete printing techniques mentioned in the previous 

paragraph are based on a trial-and-error approach. Adjusting the parameters one at a time, until the desired 

object can be printed. This often leads to a print method that is only suited for the construction of a particular 

case. Concrete printing research at the Eindhoven University of Technology (3DCP) aims to understand the 

underlying relation between all  parameters involved in concrete printing in such a way that the print process 

can be controlled and repeated for every desired case. 

All parameters involved in concrete printing can be divided into four main components. The shape of the 

printed object, the printed material, the forces working on the object and the printing technique itself  (Wolfs, 

2015). Within the 3DCP project, research is done in all of those four components. The shape of the printed 

object and and the forces working on it are mostly design related topics. Structurally effiecient objects can be 

designed with the use of computer aided techniques like form finding and topology optimization. Geometries 

that follow from these kind of design techniques often have complex and organic shapes, which are diffecult to 

manufacture even with state-of-the-art concrete printing techniques. Further development of the printing 

technique and the material used for printing is needed in order to increase the design freedom. Eventually this 

should close the gap between what can be printed and what is desired to be printed. Another approach of 

closing this gap is implementing the constraints that printing techniques currently face into computer aided 

design technieques. However, this approach possibly decreases the structural efficiency of the design. 

1.3. Research goal 
The research presented in this thesis mainly focuses on investigating the behaviour of the material that is used 

for printing. More particularly, the strength development of concrete in the first two hours after printing. 

Currently this is a rather unexplored area in the available literature. The reason for this is that strength 

properties of fresh concrete are not interesting for casted concrete, because, unlike printed concrete, it does 

not need any bearing capacity in its fresh state. In the available literature fresh concrete is more often 

described with properties such as workability and slump. Also, the terminology for freshly mixed concrete is 

rather inconsistent in literature. In this report the following terms will be used: 

Fresh concrete: State that concrete is in directly after mixing up to the point of initial set. 

Early age concrete: State in which concrete significantly increases in strength. Starting at initial set and ending 

after 28 days. 

Fully hardened concrete: Concrete that reached at least 95% of  its full strength potential. 
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For concrete printing the strength properties of fresh concrete are crucial for predicting the behaviour of 

printed structures during construction. Predicting and controlling this behaviour is useful because it broadly 

dictates what can and cannot be printed. The fact that the material properties constantly change during this 

period of time also make it a challenging task. 

The strength development of concrete – or concrete hardening – is caused by a chemical reaction between 

cement particles and water, which is called hydration. As time passes, the amount of cement particles that 

react increase, which causes the concrete to harden. Besides the uncontrolable factor of time there are three 

other factors that can influence the degree of cement hydration; cement composistion, admixtures and 

temperature. As mentioned before, controling the print process is a main focus of 3DCP research. Therefore 

temperature is the most interesting factor of the three as the temperature of printed concrete is difficult to 

control for several reasons. The three main factors are listed below (Bos et. al., 2016).   

Environmental conditions 

Concrete printing for 3DCP research happens under conditioned laboratory circumstances and the variance in 

temperature and humidity is relativley low. However this is different when structures are printed on site, like 

the sewer pit shown in figure 1.1c. In this case the weather conditions have a large influence on the printability 

of the structure. 

Friction and heat conductivity of the system 

During printing the motor of the mixer increases in temperature. This also affects the concrete temperature. 

Friction in the pump and the hose also causes the concrete temperature to increase during a print. The 

properties of freshly printed concrete constantly change because of this. 

Exothermal setting reaction 

The chemical reaction that causes concrete to harden is exothermic, which means that heat is released that 

increases the concrete temperature. 

Recent research has also shown that printing with a lower concrete temperature decreased the printability 

(e.g. stability during printing) (Dezaire & Van Kuijk, 2017). However a quantitative analysis of the influence of 

temperature on the developing properties of fresh concrete is missing. This leads to the research goal of the 

graduation project described in this thesis: 

“Determining the influence of concrete temperature on the development of  fresh concrete strength properties 

used for 3d concrete printing.” 

Concrete strength of early age concrete is often predicted by means of concrete maturity. Maturity methods 

consider the age and temperature history of concrete to estimate concrete strength. In practice these methods 

are used to determine when casted concrete has gained enough strength to remove formwork. This can save 

valuable construction time, as the formwork can be used more efficiently. As mentioned before, literature 

provides little information on the strength development of fresh concrete. A clear relation between maturity 

and fresh concrete strength is also not described in literature. If such a relation exists it could be very valuable 

for predicting the behaviour and properties of fresh concrete used for printing. This leads to an additional 

research question for the graduation project described in this thesis: 

“Is there a relation between concrete maturity and fresh concrete strength?” 
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1.4. Thesis Outline 
This thesis presents the work that is done for completing a graduation project at the faculty of the Built 

Environment, unit Structural Design, at the University of Technology Eindhoven. The thesis consists of 5 

chapters, which are subdivided into paragraphs and sections. The motivation for the research described in this 

thesis, the general context and the research goal were described in this chapter. 

Chapter 2 summarizes a literature study that was carried out for this project. It provides the reader with 

relevant background information about the causes of strength development of fresh concrete. The theory of 

concrete maturity is explained, which will be used in chapter 3 to analyse the results of the experimental 

program. 

The complete experimental program that has been carried out for the graduation project is described in 

chapter 3. The experimental program aims to determine the influence of temperature on the strength 

development of fresh concrete, by performing unconfined uniaxial compression tests on specimen with varying 

temperature histories. A detailed elaboration of the test method and the used materials is given, after which 

the test results are displayed. The chapter ends with a discussion where the results are analysed with maturity 

methods, along with a reflection on the test method. 

Chapter 4 describes a proof of concept that serves as a practical counterpart to experimental program. The 

prove of concept aims to validate the findings of the experimental program by exploring the influence of 

temperature on printed concrete geometries. This is done by increasing the temperature of freshly printed 

structures with the use of heat lamps. The test method is very elementary, but it provides some insights on the 

validity and applicability of the results regarding the actual construction of printed objects. 

Finally, in chapter 5, the conclusions  of this graduation projects are displayed, followed by recommendations 

for further research. Recommendations for more experimental research is given, as well as the possibility of a 

complementary numerical research.  



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

5 

 

2. Strength development of fresh concrete 
This chapter provides relevant theoretical background information about the causes of fresh concrete strength 

development. Broadly two causes can be distinguished; chemical hydration reactions and physical interactions 

between cement particles. Chemical hydration reactions cause concrete to develop its final strength, but 

during the fresh state of concrete the rate at which these reactions occur is relatively small. Paragraph 2.1 

briefly covers the  theory behind the hydration reaction and discusses the factors that influence it. Also, 

examples from literature that have investigated the influence of temperature on fresh, early age and hardened 

concrete are discussed 

Paragraph 2.2. discusses how the influence of temperature on the hydration process can be calculated by using 

concrete maturity methods. These methods will also be used in chapter 3 in order to analyse the results of the 

experimental program that is carried out during the graduation project described in this thesis. 

In paragraph 2.3 the physical phenomena that influence fresh concrete properties are discussed. For example 

flocculation, a physical effect that causes cement particles to clamp together through cohesion. This 

phenomena has no influence on the final strength of concrete, but it is responsible for the properties of fresh  

concrete (together with hydration reactions). Finally some concluding remarks that are relevant to 

experimental program carried out for this research are given in paragraph 2.4. 

2.1. Cement hydration 
Hydration of cement is an exothermic chemical reaction, which means that heat is generated during the 

hardening process of concrete. The amount of heat generated at a moment in time is an indication of the 

speed of the reactions at that moment.  The hardening process of concrete can be divided into four stages. The 

initial reactions (I), the dormant stage (II), the acceleration (III) and the hardened state (IV) (Scher et al., 2009). 

During stages I and II concrete is considered fresh, so understanding the behaviour of concrete during these 

phases is particularly important for this research.  

The initial reactions start directly after water is added to the cement mix. The outer parts of the cement 

particles dissolve, this is paired with a high heat generation. The initial reactions form an unstable and dense 

layer of hydration product C-S-H around the cement particles. This layer greatly reduces further hydration of 

the cement, as it forms a barrier around the core of  the cement particles. This state is called the dormant 

phase and also is the state of fresh concrete. During the dormant phase the barrier slowly reacts into a more 

stable and porous layer, after which water can reach the core of the cement particle more easily. This process 

is schematically shown in Figure 2.1. 

 

Figure 2.1: Left, Pore water comes into touch with water causing the initial reactions. Middle, barrier of unstable reaction 
products are formed between the pore water and the cement particles. Right, the barrier has become a stable and porous 
hydration product, accelerating the reactions once more (Scher, 2009). 
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After the porous layer is formed the acceleration stage (III) starts, this is also called the setting phase of 

cement. The start of this stage marks the initial set time of the concrete. During this stage the rate at which 

hydration reactions take place increases gradually and reaches its top after several hours. The reaction rate is 

not as explosive as in stage I, because the total surface area of cement particles has decreased. Large networks 

of C-S-H are formed during the acceleration phase, also filling the space between the cement particles. This 

significantly increases the strength of the material. During this phase the material is considered unworkable. 

The end of the acceleration stage also marks the final set time of the material. After this the material is 

considered to be hardened. During the hardening stage the cement particles will hydrate even further, causing 

the C-S-H network to become stiffer over time. Most concretes have reached a substantial percentage of the 

final strength (>95%) 28 days after mixing. Therefor the age of 28 days is often used to test concrete strength 

or to safely demould concrete constructions. The image left in figure 2.2 shows the heat production during the 

different stages. The explosive heat generation during the first reactions followed by a steep decline are clearly 

visible. The right image of figure 2.2 displays the degree of hydration during the stages and shows that the rate 

at which cement particles react is high during stages III and IV compared to I and II. 

 

Figure 2.2: Left; Stages of cement hardening and heat production. Right; development of hydration degree over time. 

The process of hydration is the same for most cements. However, the reaction rate is influenced by the 

composition of minerals in the cement. The most commonly used cements are Ordinary Portland Cements 

(OPC). OPC’s contain four different minerals, which are called the cement phases: 

 Tricalcium Silicate (C3S) 

 Dicalcium Silicate (C2S) 

 Tricalcium Aluminate (C3A) 

 Tetracalcium Aluminiferrite (C4AF) 

Five types of OPC are designated by the American Society for Testing and Materials (ASTM). All types consist 

mostly out of the minerals mentioned above, but vary slightly in the ratios between the minerals. C3S and C2S 

together form about 70% of the mass percentage of Portland cement on average. In reaction with water both 

C3S and C2S form the main hydration product, Calcium-Silicate-Hydrate (C-S-H) gel, which contributes to 

virtually all beneficial properties of hardened cement. C3S hydrates much more quickly than C2S, therefor it 

contributes more to the early strength development of concrete, so adding more C3S in the cement 

composition is beneficial for the hardening process.  
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Besides OPC’s there are also magnesium phosphate based cements 

(MPC). MPC’s consist largely of magnesium oxide. MPC’s are 

characterized by their rapid setting compared to OPC’s. Research has 

shown that MPC’s can have initial setting times ranging from 5 to 30 

minutes, depending on the water-cement factor (Li Y. , 2013). Previous 

research for 3DCP has shown that the set time of printed concrete under 

comparable conditions (20 ᵒC casting temperature, w/c factor of 0.2) is 

approximately  12 times larger (Alphen & Doomen, 2016). The rapid 

setting time of MPC’s make them an attractive alternative to use for 

concrete printing as it increases printability and design freedom 

significantly. CyBe construction uses MPC’s to rapidly print large freeform 

structures as is shown in figure 2.3. On the other hand, printing with MPC 

decreases the control the user has over the print process. Because of the 

rapid setting print speed needs to be very fast in order to ensure sufficient 

bond strength between layers. Besides, printing at high speeds often 

leads to sloppy results astatically which makes it necessary to perform 

after treatment by means of manual labour. This can also be seen in figure 

2.3, where the bottom half is smoothened manually. Also, incorporating 

cable and fibre reinforcement into the print process is difficult when the 

print speed is high and the setting time low.  

Besides changing the composition of the cement, concrete temperature also influences the hydration process. 

Higher concrete temperature increases the rate of hydration and thereby speeds up the hardening process. 

Many examples can be found in the literature where the effects of temperature on the strength development 

of early age concrete are discussed (Burg, 1996) (Jin et al., 2017) (Barnet et al., 2006). All come to the 

conclusion that higher curing temperatures have a positive influence on the strength development of early age 

concrete. Barnett et al. investigated the strength development of varying Portland cement/blast furnace slag 

combinations under different curing temperatures. Strength development was assumed to begin when the 

specimen had at least a strength of 4 N/mm
2
. Figure 2.4 shows the results, the most left graph is a mix with 

only Portland cement as binder and is probably most comparable to the concrete that is used for 3DCP. 

 

Figure 2.4: Strength development of  varying concrete mixes under different curing temperatures. 

Figure 2.3: Concrete wall printed by 
CyBe construction. 
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Curing temperature clearly has influence on the strength development. Figure 2.4 shows that the minimum 

strength of 4 N/mm
2
 was reached after 24 hours for samples cured at 10 ᵒC, where samples cured under 40 ᵒC 

reached that strength after 6 hours. The 28-day strength of the specimen seem to decrease with higher curing 

temperatures. This is believed to be due to the formation of dense hydrated phases around cement particles 

that have not reacted yet, preventing further hydration. (Barnett et al., 2006) This is an observation that is 

supported in more literature (Naganathan et al., 2015) (Nasir, 2016) 

Higher temperatures increase the strength development of early age concrete. The effects of temperature on 

strength development of fresh concrete are less known. The behaviour of fresh concrete is more often 

described with properties such as workability, viscosity and slump. Figure 2.5 shows the influence of casting 

and curing temperature on the slump and set times for two different concrete mortars (Burg, 1996). 

 

Figure 2.5:Left: influence of casting temperature on concrete slump. middle: Influence of temperature on initial concrete set. 
Right: Influence of temperature on final concrete set. 

Concrete was mixed at 10, 23 and 32 ᵒC. All materials used were stored under controlled laboratory 

circumstances at least 24 hours before mixing. Directly after mixing the slump was measured for every 

combination of cement mix and temperature. The results show that colder temperatures increase the slump by 

25% and 125% for the different concrete mixes. Higher temperatures decrease the slump 10% and 25%. It can 

be concluded that colder temperatures decrease concrete viscosity significantly, where warmer temperatures 

increase the viscosity slightly. Similar results were found for the initial and final set times. 

2.2. Maturity of concrete 
Besides testing with an experimental program, concrete strength can also be estimated with the use of 

maturity methods. Maturity methods consider the age and temperature history of concrete to estimate 

concrete strength. First a maturity index must be correlated with concrete strength by means of experimental 

method, before strength estimations can be made. This is done by determining the concrete strength of 

specimens cured under varying temperature histories. After that an estimation formula for concrete strength 

based on maturity can be made by performing a regression analysis. This experimental process is explained in 

Annex A. 

In practice these methods are used to determine at what point in time casted concrete has gained enough 

strength to safely remove formwork. This can save valuable construction time, as the formwork can be used 

more efficiently. Maturity methods are also interesting within the scope of the graduation project described in 

this thesis. Fresh concrete strength needs to be tested at different time intervals and at different curing 

temperatures in order to determine concrete strength for every age-temperature combination. This leads to an 

impractical large amount of specimen to test. Even more so if the use of admixtures and different cement 

compositions are also taken into account. The use of maturity methods could be a powerful tool to estimate 

fresh concrete strength for many different situations. However, maturity methods are mostly used for early age 

a b c 
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strength estimation and little knowledge exists about the use of maturity methods for fresh concrete. So first it 

needs to be established if there is a relation between the maturity and strength of fresh concrete. 

The theory behind concrete maturity is displayed in his paragraph. This theory will be used to analyse the 

results of the experimental program that are displayed in chapter 3 of this thesis. 

2.2.1. Calculation methods 

Nurse was in 1949 the first to establish a relation between maturity and concrete strength. The compressive 

strength of concrete specimen of varying ages and with different curing temperature histories were tested. The 

strength values of the specimen, as a percentage of the 3 day compressive strength, were then plotted against 

the product of the aging time and temperature history of the specimens. This resulted in the data shown in 

Figure 2.6 (Nurse, 1949). 

 

Figure 2.6: Results Nurse found with his experiments. y-axis shows the percentage of the 3-day compressive strength and x-
axis the Time-temperature factor in ᵒC∙hours. 

The data points follow a distinct curve that can be described with a natural logarithm, showing that there is a 

relation between the temperature history and the strength development of early age concrete. This relation 

was later defined as the ‘maturity of concrete’ (Saul, 1951). 

“Concrete of the same mixture at the same maturity (reckoned in temperature-time) has 

approximately the same strength whatever combination of temperature and time go to make up that 

maturity.” 

This led to the first maturity equation, the Nurse-Saul maturity equation. This equation is standardized in ASTM 

C 1074: 

𝑀(𝑡) = ∑(𝑇𝑎 − 𝑇0) ∗ ∆𝑡          equation 2.1 

Where: 

M(t) =Temperature-time index at age t in ᵒC∙hours 

Ta = Average concrete temperature during time interval Δt in ᵒC 

T0 = Datum temperature in ᵒC. (The lowest temperature at which hydration reactions can take place)  

Δt = time interval 

The datum temperature in equation 2.1 is the lowest temperature at which the hydration reaction between 

cement and water can take place. This is a material property and it varies per cement. The equation basically 

filters out every time interval at which the concrete temperature is lower than the datum temperature. 

Equation 2.1 can be rewritten into an equivalent age function. In this function the equivalent age represents 

the duration of the curing period at a certain reference temperature that would result in the same maturity as 
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the curing period at other temperatures. Hence, when concrete temperature is higher than the reference 

temperature it would result in a higher equivalent age compared to the actual age of the concrete. The 

equivalent age function is shown below: 

𝑡𝑒 =
∑(𝑇𝑎−𝑇0)

(𝑇𝑟−𝑇0)
∆𝑡          equation 2.2 

Where: 

te = Equivalent age in min 

Ta = Average concrete temperature during time interval Δt in ᵒC 

T0 = Datum temperature in ᵒC. (The lowest temperature at which hydration reactions can take place)  

Tr = Reference temperature in ᵒC.  

Δt = time interval 

The Arrhenius method (AM) is another method to estimate concrete strength and was introduced by 

Freiesleben Hansen and Pedersen  in 1977. 

The Nurse-Saul equation is the most commonly used method in the concrete industry, because it is adequately 

accurate for most field applications. However, there is a more scientifically accurate function that includes the 

use of the Arrhenius formula, a chemistry law that states that higher temperatures increase the reaction speed 

of certain chemical reactions in a non-linear fashion, rather than a linear one. The Arrhenius formula in 

combination with concrete maturity was first introduced by Freiesleben Hansen and Pedersen in 1977. It 

should be noted that cement is a much more complex material than the materials for which the Arrhenius 

formula was originally developed (Poole, 2007). The Arrhenius maturity function reads as follows: 

𝑡𝑒 = ∑ 𝛾 ∗ ∆𝑡          equation 2.3

  

Where: 

te – equivalent age at the reference curing temperature in hours 

𝛾 – Age conversion factor  

Δt – time interval in hours 

The Arrhenius function is incorporated in the age conversion factor: 

𝛾 = 𝑒
−𝐸𝑎

𝑅
[

1

273+𝑇𝑐
−

1

273−𝑇𝑟
]
         equation 2.4 

Where: 

Tc – Average concrete temperature during time interval Δt in ᵒC 

Tr -  reference temperature in ᵒC.  

Ea – activation energy in J/mol 

R -  Universal gas constant, 8,314 J/(mol∙K) 

In the Arrhenius maturity function the temperature sensitivity of the material is included via the activation 

energy. This is the energy that is needed to start a chemical reaction, in this case a hydration reaction. 

Compressive strength data must be correlated with the temperature history of concrete in order to use 

maturity equations for calculating the early age strength of concrete. This is a standard procedure and is 

described in ASTM C 1074.  
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2.2.2. Temperature sensitivity of cements 

Code ASTM C 1074 also provides standard procedures for determining the temperature sensitivity of cements 

in terms of datum temperature T0 and activation energy Ea. These material related properties are needed in 

order to calculate a correct maturity index. The  method for determining the datum temperature and activation 

energy is displayed in Annex A. In the code it is advised to use an activation energy between 40.000 and 45.000 

J/mol for type I cements. However, previous research has shown that the value of the activation energy is not 

only dependant on the type of cement that is used. Independent previous researches found different values for 

temperature sensitivity for comparable concrete mixes. Table 2.1 displays the  datum temperature and 

activation energy of different types of cement with varying water-cement ratio as found by Carino et al. (1992). 

Table 2.2 shows values found by Wade et al. (2006) 

Table 2.1: Datum temperature and activation energy values found by Carino et al. (1992) 

Cement Type T0 [ᵒC] Ea [J/mol] 

w/c=0,45 w/c=0,60 w/c=0,45 w/c=0,60 

Type I 11 9 64.000 48.000 

Type II 9 6 51.000 43.000 

Type III 7 7 44.000 44.000 

Type I + Accelerator 8 9 45.000 50.000 

Type I + Retarder 5 5 39.000 39.000 

 

Table 2.2: Datum temperature and activation energy values found by Wade et al. (2006) 

Cement Type T0 [ᵒC] Ea [J/mol] 

w/c=0,41 w/c=0,44 w/c=0,48 w/c=0,41 w/c=0,44 w/c=0,48 

Type I -5 2 4 28.600 34.800 42.300 

Type III - 3 - x 42.900 x 

 

The different values for comparable cement mixes shown in the tables above show that many factors are 

influencing the temperature sensitivity of a cement. Variables like the water-cement factor, the use of 

admixtures and curing conditions are also influencing the value of the activation energy. 

Furthermore, research has also shown that the activation energy not only differs per cement type, but is also 

dependant on the degree of hydration of a cement (Poole, 2007) (D'Aloia, 2002) (Kada-Benameur, 1999). This is 

caused due to the fact that cement is a complex material where several chemical reactions happen 

simultaneously. This mainly has to do with the different minerals present in a cement, the so called cement 

phases. Research has shown that every cement phase reacts differently in terms temperature sensitivity over 

the course of time. This means that using a single value for the activation energy is theoretically incorrect, 

because in reality every cement phase has its value (D'Aloia, 2002). For that reason the activation energy of 

concrete is often considered ‘apparent’, because it is not a constant value over the course of time.  
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The development of the apparent activation energy of cement can be measured with the use of isothermal 

calorimetry test methods. Isothermal calorimetry tests measure the heat generated by the exothermal 

hydration reactions to compute the degree of hydration. This data can then be used to calculate the 

development of the activation energy with the Arrhenius formula. Kada-Benemeur et al. (1999) applied this 

method for cements cured in varying temperature ranges. The results showed that the apparent activation 

energy is more or less constant at a degree of hydration between 5% and 50%. Outside this range it varies 

considerably. Figure 2.7 shows a result of this research. The figure shows the evolution of the apparent 

activation energy over the degree of hydration for varying ranges of curing temperature. 

 

Figure 2.7: Evolution of apparent activation energy over degree of hydration for different ranges of curing temperature as 
found by Kada-Benameur et al. (1999).  

The value of Ea seems to be related to the rate of hydration reactions. Figure 2.8 shows the evolution of the 

degree of hydration that corresponds with the results shown in figure 2.7. 

 

Figure 2.8:Evolution of the degree of hydration at different curing temperatures as found by Kada-Benameur et al. (2000). 
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When comparing the graphs of figures 2.7 and 2.8 it seems that the value of the apparent activation energy 

remains constant once the rate of hydration, i.e.  the increase in degree of hydration, also remains constant. 

In conclusion, the exact temperature sensitivity of a cement is complex to determine and the value is 

dependent on many factors. The cement composition used for 3D concrete printing and the way it is processed 

is very specific. So the temperature sensitivity of the concrete used for printing needs to be determined 

experimentally in order to compute a correct maturity index. 

2.3. Physical interactions between cement particles 
The theory of concrete maturity relies on the fact that temperature influences the hardening process of 

concrete by altering the speed of the hydration reaction. During printing, concrete mostly is in its dormant 

phase, meaning that relatively few hydration reactions take place. Therefore it is a plausible assumption that 

the influence of temperature on concrete hardening is lower in this phase. However, hydration reactions are 

not the only factor responsible for the properties of fresh concrete. There are also physical phenomena that 

influence the properties of fresh concrete. Flocculation is one of those phenomena, besides hydration, that 

causes strength development of fresh concrete. Flocculation occurs when cement particles stick together with 

cohesive forces and entrap mixing water. This effect can be reversed by re-mixing the material. Adding 

plasticizers to the mix counters this effect by forming an electrostatic layer around the cement particles, 

causing repulsive forces between them. This is shown in Figure 2.9. This is often used in self-compacting 

concretes to decrease the viscosity of the material. 

 

Figure 2.9: a: Schematic representation of flocculation of cement particles. b) Schematic representation of how plasticizers 
prevent flocculation. 

The effect of flocculation on the flow behaviour has been investigated (Li, et al., 2016). The following is cited 

from that research paper: 

“From mixing water with cement and aggregates to initial setting of concrete, the numbers of three 

types of particles: dispersed, flocculation and clumped particles, change with time, as described in Fig. 

[2.10]. At the initial state, the particles are mostly dispersed (see Fig. [2.10a]). With the increase of the 

elapsed time, the physically flocculated particles and chemically clumped particles become more and 

more (see Fig. [2.10b/c]). At last, the concrete sets, all the particles are connected by the hydrates to 

become clumped particles (see Fig. [2.10]d).”  
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Figure 2.10: different types of particles in fresh concrete (Li, et al., 2016) 

A discrete element model (DEM) to simulate the flow behaviour of concrete was developed by Li et. al. where 

the influence of  flocculent and clumped particles is considered. This theoretical model showed good 

agreement with its experimental counterpart, indicating that concrete behaviour before initial set is indeed the 

result of a combination of hydration and flocculation. Literature provides little information about the influence 

of temperature on the flocculation of fresh concrete.  

Concrete with a high flowability was used in the experimental case that was used to validate the proposed DEM 

model. The concrete used for 3DCP does not flow, because it is a so called zero-slump concrete. Hüsken et al. 

(2012) investigated the behaviour of fresh zero-slump concrete and came to the following conclusion: 

“The green-strength of zero-slump concrete is a result of internal friction and adhesive forces, which 

are generated in the liquid bridges that are formed between the fines. It was demonstrated that the 

internal friction has a larger impact on the green-strength than the formation of liquid bridges. 

Furthermore, the particle shape and the packing fraction of the mix govern the internal friction of zero-

slump concrete mixes, whereas the particle shape has a larger influence than the packing fraction. 

Considering a constant particle shape, higher packing fractions increase the internal friction of the 

mix.” 

Hüsken also came to the conclusion that, besides hydration reactions, physical phenomena have a large 

influence on the strength development of fresh zero-slump concrete (green-strength). The so called ‘liquid 

bridges’ are comparable to the flocculation effect that was discussed before. The shape of cement particles 

seem to have an even bigger influence on the strength of fresh concrete. Opposed to smooth particles, rugged 

particles cause friction, increasing the friction angle and thereby the strength of fresh concrete. Furthermore, 

The friction angle of fresh concrete is not influenced by concrete temperature (Alexandridis et al., 1981). 

Research has proven that the angle of internal friction remains constant under different ages and temperature, 

which can be explained because this material property is dependent on the roughness of the cement and 

aggregate particles. This is something that does not change over time. The cohesion of fresh concrete does 

increase with age and temperature. According to Alexandridis this increase in cohesion is a result of the 

hydration process which is dependent on time as well as temperature. 

2.4. Conclusion 
Concrete gains strength through a chemical hydration reaction. This reaction starts the when water is mixed 

with cement and theoretically goes on forever. Hydration reactions can be enhanced by changing the cement 

composition, the use admixtures or temperature.  
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Maturity methods are commonly used to determine early age concrete strength. A characteristic of early age 

concrete is that the degree of hydration increases relatively fast compared to other time periods, which also 

means that relatively many hydration reactions take place during this time period. The influence of 

temperature on the rate of these hydration reactions and thereby the strength development of concrete, can 

be calculated with maturity methods. The rate of hydration reactions of fresh concrete (before initial set)  is 

relatively low due to a barrier around the cement particles that is formed by the initial reactions. Therefore it is 

plausible to assume that temperature also has relatively little influence on the increase of the degree of 

hydration during this period. However, strength development of fresh concrete is not only caused by hydration 

reactions.  Research has proven that fresh concrete properties are also developed due to physical reasons such 

as flocculation, cohesion and internal friction of cement particles (Hüsken et al., 2012) (Li et al., 2016). The 

effects of temperature on these phenomena is an undiscovered area in the available literature. 

In the next chapter an experimental program is discussed that aims to determine the influence of temperature 

on the development of fresh concrete properties. The temperature history of the specimen that are tested in 

the program are based on the theory of cement hydration. After that the maturity methods described in this 

chapter are used to analyse the results of the program in order to investigate the applicability of those 

methods on fresh concrete.  
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3. Experimental research 
In this chapter the experimental program is discussed that aims to determine the influence of temperature on 

the development of fresh concrete properties. This is done by testing the strength of fresh concrete that is 

cured under varying temperature histories. A maturity index is computed and this is eventually plotted against 

the gathered strength data. 

The chapter will start with a display of the used material and methods. Distinction has been made between the 

test program that is executed, the test setups that are used and the preparation procedure of the specimen. 

After that the results are displayed and the maturity indexes are computed. 

3.1. Material and methods 
This paragraph covers all preparatory measures that have been taken  in advance of the experiments, as well as 

the test setups that were used. 

3.1.1. Test program 

The compressive strengths of 39 specimens of fresh concrete, distributed over 8 test series, were determined 

with a unconfined uniaxial compressive strength test. Every series was cured with a different combination of 

age and temperature history. One specimen per series was used to continuously measure the temperature 

development of that specific age-temperature history combination. The material for all specimens was 

produced with 9 batches of material. Table 3.1 gives an overview of the complete test program. 

Table 3.1: Test program. Upper case letters indicate in what curing environment a specimen is stored, the numbers indicate 
the time of testing and lower case letter indicate the specimen ID within a test series. 

 

Batch no. Specimen Legend: 

C: Specimen is cured at 1 ᵒC. 

N: Specimen is cured at 22 ᵒC. 

W: Specimen is cured at 75 ᵒC. 

CW:  Specimen is first cured at 1ᵒC, then at 

75ᵒC. 

WC:  Specimen is first cured at 75ᵒC, then at 

1ᵒC. 

T: Specimen is used for measuring 

temperature development. 

30: Specimen is tested after 30 minutes. 

75: Specimen is tested after 75 minutes. 

200: Specimen is tested after 200 minutes. 

1 TC30, TC75, TN30/75/200, TW30, TW75 

2 TCW75, TWC75 

3 C30a, N30a, W30a, C75a, N75a, W75a 

4 C30b, N30b, W30b, C75b, N75b, W75b 

5 C30c, N30c, W30c, C75c, N75c, W75c 

6 C30d, N30d, W30d, C75d, N75d, W75d 

7 C30e, N30b, W30e, C75e, N75e, W75e 

8 WC75a,b ; CW75 a,b 

9 WC75c; CW75c; N200a,b,c. 



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

18 

 

Every specimen of a series was produced with a material from a different batch in order to filter out the 

influence of the mixing process on the test results. 

The choice of age after which the specimens were tested was based on the theory of cement hydration. The 

time slots of 30 and 75 minutes are aimed to test the concrete in different stages of the hydration process. At 

an age of 30 minutes it is likely that the concrete is still in its dormant phase, especially for the cold and neutral 

specimen. After 75 minutes it is much more likely that the hydration process has developed into the 

acceleration stage. Theoretically temperature has a larger influence in this phase, because the hydration rate is 

higher. Besides that there is a practical reason for testing specimen 30 minutes after mixing the material. 30 

minutes is the  minimum time that is needed to prepare the specimens. This includes the time needed to 

establish a significant temperature development of the specimens. 

3.1.2. Test setup 

An unconfined uniaxial compression test setup (UUCT) was used to determine fresh concrete strength. Besides 

that concrete temperature of the specimen is tracked using thermocouples. All test setups are explained in 

detail in this section. 

3.1.2.1. Unconfined uniaxial compression test: Sandbox test setup 

Force-driven unconfined uniaxial compression tests were performed by using a test setup that was developed 

previously for 3DCP research. The test setup is displayed in Figure 3.1 

 

Figure 3.1: Force-driven unconfined uniaxial compression test  (Van der Krift & Van Roestel, 2016). 

The test procedure for every specimen was performed as follows. Fresh concrete was casted in a cylindrical 

mould and placed in the test-setup. The specimens were placed on a wooden plate which is fixed with four 

tubes. The plate can freely move in the direction of the tubes. A wooden box was placed above the sample, this 

box can also freely move along the direction of the tubes. Load was applied on the specimens by filling the box 
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with sand via a funnel that was placed at the top of the test setup, hence the name ‘Sandbox test setup’. Two 

layers of teflon sheets were placed under, and on top of the specimens to avoid friction between the specimen 

and the test setup. This ensures unconfined behaviour of the specimens during testing. Counterweights were 

attached to the box in order to counter its self-weight. The applied load was measured by a load meter 

underneath the specimens. Significant horizontal and vertical displacements of the specimens occur during the 

tests, which need to be measured. The vertical displacement is needed to calculate the strain of the specimens. 

The horizontal displacement is needed to compute the increasing surface area on which the load acts and 

thereby the axial stress. The displacement of the box, and therefore the vertical displacement of the 

specimens, was measured with a device that could measure displacements up to 60 mm. It was not possible to 

mechanically measure the horizontal displacement of the specimens, hence video footage of every test was 

made in order to analyse the horizontal displacement  afterwards. Four identical setups are available, making it 

possible to perform several tests in quick succession. 

For this research a slight adjustment has been made to the test setup compared to the original sandbox test 

setup. Circular wooden plates with a diameter equal to that of a specimen are placed beneath the specimens 

and under the sandbox. This makes the construction of the setup less stiff. This is done in order to force the 

specimens into the desired shearing failure mechanism.  

3.1.2.2. Temperature measurement 

The specimens TC30, TC75, TN30/75/200, TW30,TW75, TWC75 and TCW75 were used to measure the concrete 

temperature over the course of the first 90 minutes after mixing. The moment that water was mixed with 

cement was considered zero in time t0. Once the mixing was complete the temperature is measured with a 

thermometer. After that the specimens were casted in the moulds and compacted. The mixing and compaction 

strategy will be elaborated further in section 3.1.3. 10 minutes after t0 the  cold and warm specimens were 

placed in  a fridge and an oven respectively. The oven was heated to 75 ᵒC and the fridge  cooled down to 1 ᵒC. 

The neutral specimens were cured at lab temperature. From this point on, thermocouples were used to 

measure the concrete temperature in the heart of the specimens. 5 minutes before the supposed time of 

testing the specimens were taken out of the their respective curing environments in order to take into account 

the time needed to prepare them for testing. Table 3.2 shows the exact time schedule that was used for 

measuring the temperature. All specimens were cured according to this schedule, but the actual temperature 

development was only measured for specimens TC30, TC75, TN30/75/200, TW30,TW75, TWC75 and TCW75. 

Table 3.2: Curing schedule. All specimen a cured according to this schedule. Actual temperature measurements are only 
made on specimen TC30, TC75, TN30/75/200, TW30,TW75, TWC75 and TCW75. 

Time Description TC30 TC75 TW30 TW75 TN30/75/200 TWC75 TCW75 

t0 Time of mixing 0:00 0:00 0:00 0:00 0:00 0:00 0:00 

tmix Time the material is 

extracted 

1:30 1:30 1:30 1:30 1:30 1:30 1:30 

tcompact Specimen are 

compacted 

8:00 8:00 8:00 8:00 8:00 8:00 8:00 

tin Specimen are placed 

in oven or fridge 

10:00 10:00 10:00 10:00 - 10:00 10:00 

tout,30 Specimen are taken 

out of oven or fridge 

25:00 - 25:00 - - - - 
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ttest,30 Specimen are tested 30:00 - 30:00 - 30:00 - - 

Tswitch Specimen are 

transferred from oven 

to fridge or vice versa 

- - - - - 40:00 40:00 

tout,75 Specimen are taken 

out of oven or fridge 

- 70:00 - 70:00 70:00 70:00 70:00 

ttest,75 Specimen are taken 

out of oven or fridge 

- 75:00 -  75:00 75:00 75:00 

Ttest,200 Specimen are tested - - - - 200:00   

3.1.3. Specimen preparation 

All preparatory measures that were taken in order to fabricate the specimens are explained in this section. 

3.1.3.1. Material 

The same cement that is used for 3DCP concrete printing was used for this experiment. The cement 

composition is designed by Weber-Beamix specifically for 3DCP. The used cement is an OPC, but the exact 

composition is unknown.  

3.1.3.1. Preparation of the moulds 

The specimens were casted in steel cylindrical moulds with a height of 140 mm and an inner diameter of 70 

mm. The moulds consists of two parts attached to each other with cable ties. At the time of testing the cable 

ties were removed in order to easily demould the specimen. Teflon was applied on the inside of the mould to 

prevent cohesion between mould and specimen. In figure 3.2 a prepared mould is shown as well as a schematic 

sketch of the section of the mould. 

  

Figure 3.2: Left; cylindrical mould used to cast the specimen. Right; Cross section of the mould. 

3.1.3.2. Mixing  and compaction strategy  

Concrete mortar was mixed with a constant water to solid ratio. A mixer-pump system, that is also used for 

concrete printing, was used for mixing in order to keep the ratio as constant as possible between every batch. 
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After mixing the system pumped the material through a cavity pump and a hose with a length of 10 meters. 

The material was extracted at the end of the hose. After the material is extracted the specimen were casted 

and compacted. Different strategies were tested for compacting the specimens. Vibrating the specimen once 

for 5 seconds on a vibrating table gave the best results. A more elaborate display of the results of the 

compaction tests are shown in annex B. 

3.2. Test results 
Results of the experimental program are displayed in this paragraph. First the results of the temperature 

measurements are displayed in section 3.2.1, followed by the computation maturity indexes in section 3.2.2. 

After that the gathered force-displacement data is summarized in section 3.2.3, followed by the computation 

the stress-strain data in  section 3.2.4. 

3.2.1. Temperature measurements 

The temperature development of specimen TC30, TC75, TN30/75/200, TW30,TW75, TWC75 and TCW75 is 

displayed in Figure 3.3. Heat was generated during the mix and pump process, hence the increase in 

temperature after the material is extracted after 90 seconds. At this point the temperature of the concrete 

mortar was measured once with a thermometer. After 10 minutes the concrete temperature in the heart of the 

specimen was continuously measured with thermocouples.  

 

Figure 3.3: Temperature development of the specimens. 
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3.2.2. Equivalent age 

The data shown in Figure 3.3 is used to calculate the equivalent age of the specimens according to the 

arrhenius principle. Figure 3.4  shows the results of this calculation, the activation energy is assumed to be 

42.000 J/mol.  

 

Figure 3.4: Equivalent age – age plot, computed according to the Arrhenius maturity principle. Activation energy  Ea is 
assumed to be 42.000 J/mol. 

When the first specimen were tested after 30 minutes the equivalent age between the test series ranged 

between 37 minutes and 48 minutes. Even the cold specimen had a higher equivelent age than their actual age 

due to the heat generated during mixing process. After 75 minutes the equivalent age ranged from 69 minutes 

for the cold specimens to 198 minutes for the warm specimens. These results are only applicable with an 

assumed activition energy of 42.000 J/mol. The equivlant ages with varying assumption of the activation energy 

are given in Table 3.3. 

Table 3.3: Comparison of equivalent age based on temperature history and age for different values of activation energy. 

Temperature 

history [-] 

Age [min] Equivalent age [min] 

 

  Ea = 32.000 J/mol Ea = 42.000 J/mol Ea = 52.000 J/mol Ea = 62.000 J/mol 

C 30 35 37 39 42 

N 30 37 40 42 46 

W 30 43 48 54 61 

C 75 70 69 69 69 
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N 75 88 93 98 103 

CW 75 87 93 100 107 

WC 75 121 143 169 201 

W 75 155 198 254 327 

3.2.3. Force-Vertical displacement 

The force and vertical displacement that acted on the specimen were measured and plotted against each 

other. Table 3.4 and Figure 3.5 display the force-displacement relation of specimen N30b as an example. A 

complete overview of the force-displacement results are shown in Annex C. 

Table 3.4: Force-vertical displacement data of specimen N30b 

i [sec] F [N] u[mm] i[sec] F [N] u[mm] i [sec] F [N] u[mm] 

0 0 0 13 22.7289 6.56 25 42.744 14.26 

1 3.0531 0.68 14 25.7821 7.2 26 44.4402 14.94 

2 5.0885 1.06 15 25.4428 7.75 27 44.1009 15.78 

3 4.4101 1.36 16 27.139 8.31 28 45.4579 16.62 

4 6.1062 1.84 17 29.5137 8.79 29 46.8148 17.53 

5 7.124 2.3 18 30.5314 9.35 30 51.5642 19.02 

6 7.8024 2.5 19 33.5845 10.06 31 53.2604 20.98 

7 9.1594 2.66 20 35.2807 10.69 32 54.9566 23.31 

8 13.2302 3.35 21 37.3162 11.37 33 56.6528 26.72 

9 14.5872 4 22 38.6731 12.08 34 59.0274 31.18 

10 16.9619 4.66 23 41.0478 12.77 35 60.3844 41.34 

11 18.3188 5.34 24 40.0301 13.5 36 62.759 49.91 

12 22.3897 6       

 

Figure 3.5: Force-vertical displacement plot of specimen N30b. 
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3.2.4. Stress-strain 

Due to vertical and horizontal displacements the surface area of the specimens increased during testing. Video 

footage of the tests, in combination with the force-displacement data, is used to compute the stress-strain 

relation of every specimen. For every specimen 5 or 6 moments during the test were analysed, with the last 

moment being the moment of failure. The diameter Di of the specimen at that moment i in time was 

determined by comparing it to the diameter of the specimen at the start of the test, which is known to be 

70mm. This is shown in Figure 3.6 

 

Figure 3.6: The specimen diameter at a certain moment in time is determined by comparing the width of the specimen at 

that time with the width at the start of the test. The figure shows specimen N30b at i=0 (left) and i=30 (right). 

After that the surface area at that specific moment was computed, followed by the axial stress by using the 

force acting on the specimen at that moment. Finally the axial displacement is extracted from the data and 

plotted against the axial stress to form the stress-strain curve of a specimen. This procedure is displayed in 

tables 3.5 and 3.6 with specimen N30b as an example.  

Table 3.5: Computation of the stress strain relation of specimen N30b. 

 equation i=0 i=10 i=20 i=30 i=34 

Di,video [-] - 62.75 63.59 65.73 67.87 70.29 

Di,real [mm] 1 70.00 70.93 73.33 75.71 78.41 

Ai  [mm2] 2 3848 3952 4223 4502 4829 

Fi [N] - 0 16,96 35,28 51,56 59,03 

ui [mm] - 0 4,66 10,69 19,02 31,18 

σi [N/mm2] 3 0 0.004 0.008 0.011 0.012 

εi [%] 4 0,00 3,33 7,64 13,59 22,27 

 

Table 3.6: Equations used in table 3.4. 

 

 

Equations    

1 
𝐷𝑖,𝑟𝑒𝑎𝑙 =

70

𝐷0,𝑣𝑖𝑑𝑒𝑜

∗ 𝐷𝑖,𝑣𝑖𝑑𝑒𝑜  
2 

𝜎𝑖 =
𝐹𝑖

𝐴𝑖

 

2 
𝐴𝑖 = 𝜋 ∗ (

𝐷𝑖,𝑟𝑒𝑎𝑙

2
)

2

 
3 𝜀𝑖 =

𝑢𝑖

140
∗ 100% 
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Figure 3.7 to 3.15 show the stress-strain relation of all specimens, including the average curve per series. A full 

elaboration of the results is displayed in annex C.  

 

 

Figure 3.7: Stress-strain relation of specimens in series C30. 

 
 
 

Figure 3.8: Stress-strain relation of specimens in series C75. 
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Figure 3.9: Stress-strain relation of specimens in series N30. 

 

 

Figure 3.10: Stress-strain relation of specimens in series N75. 
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Figure 3.11: Stress-strain relation of specimens in series W30. 

 

 

Figure 3.12: Stress-strain relation of specimens in series W75. 

 

 



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

28 

 

 

 

Figure 3.13: Stress-strain relation of specimens in series WC75. 

 

 

Figure 3.14: Stress-strain relation of specimens in series CW75. 
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Figure 3.15: Stress-strain relation of specimens in series N200. 

Figure 3.16 shows the average stress-strain relation per series in one plot.  

 

Figure 3.16: Average stress strain curve per series. 
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3.2.5. Failure modes 

Analysis of the failure mode was not possible for every specimen, due to the fact that the tests are only filmed 

from one angle.  The specimens of which the failure mode was clearly recorded all failed in shear. Generally the 

angle of the shearing plane increased with age and temperature. Figure 3.17 shows the moment of failure of 

specimens C30b, W30d, W75a and N200a as an example. The shearing plane is indicated in red. Table 3.7 

shows the angle of the shearing plane α for every specimen and the average angle of shearing plane αav  per 

series. 

 

Figure 3.17: Examples of shear plane angle analysis. 

Table 3.7: Shearing plane angle for every specimen and the average shearing plane angle per series 

 

The angle of the shearing plane generally increases with the maturity of the concrete. This is in accordance 

with the stress-strain results displayed in section 3.2.4.  

It should be noted that the values shown in Table 3.7 are not angles of internal friction. The angle of the 

shearing plane is dependant the geometry of the specimens. Tri-axial tests should be carried out, followed by a 

Mohr-Coulomb failure criteria analysis, in order to find the values of the internal friction angle. 

 

Series  C30 N30 W30 C75 N75 W75 CW75 WC75 N200 

α [ᵒ] 

a x 40 57 58 62 66 66 72 71 

b 46 x 58 x 69 66 x 59 70 

c 46 x x 59 53 65 71 58 72 

d x 57 58 x 58 61 - - - 

e 54 47 56 60 65 83 - - - 

αav [ᵒ]  49 48 57 59 61 68 69 63 71 

x = Shearing plane not recorded   - = Specimen not tested  
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3.2.6. Strength-Age relation 

Figure 3.18 shows the exact time of testing, plotted against the failure stress of each specimen.  The failure 

stress per specimen σmax and the average failure stress per series σmax,av are shown in Table 3.8. σmax is 

computed with the force acting on the specimens at the time of failure. 

 

Figure 3.18: Age plotted against the compressive strength of every specimen. 

Table 3.8: Compressive failure stresses for every specimen and the average failure stresses per series. 

 

The average strength of specimen cured in a warm environment after 30 minutes is a factor 1,30 higher 

compared the same specimen cured at room temperature. The average strength of cold cured specimens at 

the same age is a factor 0,87 lower. However, the scatter of the results in test series C30, N30 and W30 largely 

overlap. The overlap in scatter between two test series was calculated with the following formula: 

Series  C30 N30 W30 C75 N75 W75 CW75 WC75 N200 

σmax [kPa] 

a 13,1 14,2 20,2 22,5 29,7 78,2 45,6 37,8 109,6 

b 9,8 12,2 12,7 14,9 23,4 82,9 42,5 44,0 106,0 

c 8,4 10,3 18,5 18,9 21,4 59,0 37,7 44,5 126,2 

d 5,2 7,7 10,2 10,8 20,3 55,2 - - - 

e 15,6 15,3 16,1 23,4 31,0 102,1 - - - 
σmax,av[kPa]  10,4 11,9 15,5 18,1 25,1 75,5 41,9 42,1 113,9 
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𝑋1,2 =
𝜎𝑚𝑎𝑥,ℎ𝑖𝑔ℎ𝑒𝑠𝑡1−𝜎𝑚𝑎𝑥,𝑙𝑜𝑤𝑒𝑠𝑡2

𝜎𝑚𝑎𝑥,ℎ𝑖𝑔ℎ𝑒𝑠𝑡2−𝜎𝑚𝑎𝑥,𝑙𝑜𝑤𝑒𝑠𝑡1
∗ 100%        equation 3.1 

Where: 

𝑋1,2= Overlap in scatter between test series 1 and 2 in % 

𝜎𝑚𝑎𝑥,ℎ𝑖𝑔ℎ𝑒𝑠𝑡1 = Highest observed strength in test series 1 in N/mm
2
 

𝜎𝑚𝑎𝑥,𝑙𝑜𝑤𝑒𝑠𝑡1 = lowest observed strength in test series 1 in N/mm
2
 

𝜎𝑚𝑎𝑥,ℎ𝑖𝑔ℎ𝑒𝑠𝑡2 = Highest observed strength in test series 2 in N/mm
2
 

𝜎𝑚𝑎𝑥,𝑙𝑜𝑤𝑒𝑠𝑡2 = lowest observed strength in test series 2 in N/mm
2 

This leads to the following overlap in scatter for series C30 and W30, compared to N30 

𝑋𝐶30,𝑁30 =  
1,53−0,77

1,56−0,52
∗ 100% = 73%  

𝑋𝑁30,𝑊30 =  
1,53−1,02

2,02−0,77
∗ 100% = 40%  

Hence it cannot be concluded that higher curing temperatures increase the strength development of concrete 

at this age. The difference in strength after 75 minutes is much more significant. At this age the average 

strength of specimens cured in a warm environment is increased with a factor 3,25 compared to specimen at 

the same age cured at room temperature. The average strength of cold cured specimens at the same age is a 

factor 0,72 lower. There is also little overlap in the scatter of the results of series C75 and N75. No overlap in 

scatter is observed between series N75 and W75 . 

𝑋𝐶75,𝑁75 =  
2,34−2,03

3,10−1,08
∗ 100% = 15%  

 

𝑋𝑁75,𝑊75 =  
3,10−5,90

10,21−2,03
∗ 100% = −34%  

The average failure stress of the specimens cured in warm and cold environments over the course of 75 

minutes is higher with a factor of 1,67 compared to specimens cured only at room temperature. No significant 

difference in failure stress is observed regarding the order in which the specimens were cured in warm and cold 

environments. 
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3.3. Discussion 
The results presented in paragraph 3.2 will be discussed in this paragraph. First, in section 3.3.1, the theory of 

concrete maturity will be applied to the results of the experimental program in an attempt to quantify the 

influence of temperature on the strength development of fresh concrete used for printing. It is important to 

note that for this analysis assumptions are made for the value of the activation energy Ea, as this value is very 

influential on the outcome of the analysis. After that a reflection on the experimental program is given in 

section 3.3.2. 

3.3.1. Maturity analysis 

Figure 3.19 shows the failure stress of each specimen plotted against the equivalent age for two different 

assumptions for the value of activation energy. 

  

Figure 3.19: Failure stress plotted against of each specimen plotted against the equivalent age. Left: Assumed activation 
energy of 42.000 J/mol. Right: Assumed activation energy of 62.000 J/mol 

At an age of 75 minutes there is a significant difference in strength, indicating that higher curing temperatures 

positively influence the strength of concrete at this age. With an assumed activation energy of 42.000 J/mol 

there seems to be an exponential relation between concrete strength and maturity. Higher values of maturity 

correlate with higher strength values, which is in accordance with the maturity theory. If maturity methods are 

applicable for concrete of this age the value of the activation energy cannot be higher than 45.000 J/mol. With 

higher values the maturity of specimen in series W75 would be higher than that of series N200. This would not 

be possible as the average strength of series N200 is significantly higher than that of W75. Nonetheless, a value 

between 30.000 and 45.000 J/mol is a plausible assumption compared to values found in literature.  

The strength-maturity relation is less clear at lower maturity values. Similar failure stresses were found for the 

specimens of series W30 and C75. However, maturity values of these series do not correspond with an 

assumed activation energy of 42.000 J/mol. For these series to have corresponding maturity values, the 

activation energy needs to be approximately 62.000 J/mol, as can be seen in figure 3.19. However, the maturity 

of specimen in series W75 and N200 is not in correspondence with their respective compressive strength 

values with this assumption. It is more likely that the theory of concrete maturity applies to concrete of older 

ages, because the hydration rate of cement particles is higher at this point in time. This means that more 

chemical reactions take place on which temperature can have an influence. With this reasoning it is unlikely 

that an activation energy with a value of 62.000 J/mol is correct. Thus it can be argued that maturity methods 

are not applicable for concrete younger than 30 minutes.  
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When looking at the strength-maturity relation of series CW75 and WC75 it stands out that both series have 

similar average strength values. This is remarkable because the maturity of specimen in series WC75 is 

significantly higher compared to CW75. For example, with an activation energy of 45.000 J/mol average 

equivalent age of CW75 is 136 minutes compared to 163 minutes for CW75. The average failure stress for these 

series are 41,9 kPa and 42,1 kPa respectively.. The rate at which cement particles react during different phases 

of the hydration process is again a possible explanation for the mismatch between strength and maturity. The 

overall maturity of CW75 is lower after 75 minutes. However, concrete temperature of this series is higher in a 

later stage of the hydration process. As a result, the influence of the elevated temperature is higher for series 

CW75 compared to WC75, because  more hydration reactions take place during this period of time.  

Another plausible explanation for the test results could be that maturity methods are applicable for concrete of 

both ages (30 and 75 minutes), but with varying values of activation energy over time. Research has shown that 

activation energy is more or less constant at a degree of hydration between 5% and 50%. Outside this range it 

varies considerably (Kada-Benameur et al., 1999). The test results of this research show that below a hydration 

degree of 5% the activation energy was relatively high. Especially when concrete temperature is between 20 ᵒC 

and 30 ᵒC. This is in accordance with the results of the experimental program carried out for this graduation 

project. It is likely that the degree of hydration for fresh concrete used for printing is lower than 5%, which 

makes it plausible that the value of the activation energy is not constant during this phase. If this is the case it 

would be incorrect to perform a maturity analysis with a constant value of activation energy. 

So based on these observations two possible scenarios could be true regarding the applicability of maturity 

methods on fresh concrete used for printing. 

The first scenario is that there is no relation between maturity and strength development before 30 minutes 

after mixing. During this phase physical aspects dictate the behaviour of fresh concrete rather than chemical 

hydration reactions. Thus strength development cannot be computed based on concrete maturity, because 

maturity methods rely on the degree of hydration. 75 minutes after mixing there is a clear influence of 

temperature. A relation between maturity and strength can be established with an assumed activation energy 

between 30.000 and 45.000 J/mol. The exact nature of this relation again depends on the assumed value for 

the activation energy. The exact age at which temperature starts to have a significant influence is unknown, but 

lies somewhere between 30 and 75 minutes. 

This scenario is not in accordance with observations during printing. Previous research has shown that printing 

with cold water leads to reduced stability of printed structures (Dezaire & Van Kuijk, 2017). The structures 

printed for this research were printed within 30 minutes, indicating that temperature does influence the 

behaviour of concrete at such young ages. A possible explanation for this, within the boundaries of the scenario 

sketched above, is that other material properties than compressive strength dictate the stability of freshly 

printed structures. Thixotropic properties like slump and flocculation are not measured with the experimental 

program of this research and could be affected by temperature. Different test methods should be developed in 

order to verify this. 

The second possible scenario is that there is a relation between maturity and strength from the start, but with 

varying values of activation energy over time related to the degree of hydration at that point in time. In this 

case the value of the activation energy should be approximately 60.000 J/mol when the degree of hydration is 

relatively low (>5%). With this assumption the maturity and strength of warm cured concrete at an age of 30 

minutes corresponds with the maturity and strength of cold cured concrete at an age of 75 minutes. This would 

indicate that two completely different curing histories lead to the same degree of hydration and thus the same 

strength. For this scenario to be true the value of activation energy should drop to approximately 40.000 J/mol 

for a more developed degree of hydration. Higher values for the activation energy would not correspond with 

the strength values found for warm cured concrete with an age 75 minutes and concrete cured at room 
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temperature at an age of 200 minutes, because in this case the warm cured concrete would have a higher 

maturity but lower strength. 

3.3.2. Reflection experimental program 

Unconfined uniaxial compression test were carried out in order to determine the influence of temperature on 

the strength development of fresh concrete. All tested specimens had the desired shearing failure mechanism 

and the results showed a clear influence of temperature on concrete strength at an age of 75 minutes. The 

‘sandbox’ test setup is not the most accurate setup for performing unconfined uniaxial compression tests, 

however for this research  the most practical,  due to the large amount of specimens  that needed to be tested 

in a relatively short time span. Therefore, some  side notes should be taken regarding the accuracy of the 

results. 

First of all concerning the test setup that was used to carry out the experiments. For most specimen the load 

could be  applied in a controlled manner by gradually adding sand until the specimen failed. The strength of 

some specimens, however, was too high to be able to reach failure stress by means of adding sand as load. This 

was the case for 2 specimens of series W75 and all specimens of series N200. In these cases the failure stress 

was reached by stacking weights on top of the sandbox and eventually by increasing the load manually. 

Furthermore, specimens were not covered during curing. This could have led to the evaporation of water, 

which would have influenced the water-cement ratio. This is especially the case for the specimen cured in a 

warm environment. However, printed structures are also not covered during printing. 

Concrete temperature was measured with thermocouples. It was attempted to place the thermocouples as 

close to the heart of the specimen as possible. This was done manually, so it is plausible to assume that the 

variance in the placement of the thermocouples was large. Furthermore, temperature measurements were 

only performed once per series for practical reasons. The results of these measurements were assumed to be 

true for all specimens in that series. In reality there could be some variance in the temperature development 

per specimen. 

The moment in time at which water was mixed with cement is considered zero in time t0. This assumption is 

based on the fact that the first hydration reactions occur at this point in time and with it the strength 

development of the fresh concrete mortar. However, thixotropic behaviour that is dictated by physical 

interactions between cement particles is not taken into consideration with this assumption. Compacting the 

specimen breaks the cohesive bonds between the  cement particles of the mortar. Presumably this partly 

cancels out the strength development of the mortar up to that point in time. From this physical standpoint it 

makes more sense to consider the time at which the specimen are compacted as t0. This would offset the 

whole time schedule of the results by approximately 8 minutes.  

Some side notes should also be taken regarding the processing of the results. The data gathered from the 

experiments is force-displacement data. This is translated to stress-strain data by manually measuring the  

surface area of the specimen based on video footage. This is rather inaccurate and could be done more 

precisely with different cameras and software programs that measure displacements. Besides that, the 

specimens are only recorded from one side. More accurate measurements and better analysis of the angle of 

shear planes could have been made if the tests were recorded from multiple angles.  
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4. Proof of concept 
A proof of concept is performed in order to relate the findings of the experimental program to printed concrete 

structures. The proof of concept aims to validate the presumptions that followed from the results displayed in 

chapter 3. The results leaded to a presumption where temperature has little effect on the strength 

development of concrete of ages younger than 30 minutes. At ages older than 75 minutes there is a significant 

influence of temperature. The execution and results of this proof of concept are elaborated in this chapter. 

4.1. Method 
The goal of the proof of concept is to determine the influence of temperature on freshly printed structures. 

Four structures are printed that eventually collapse under their self-weight in order to investigate this goal. The 

structures are designed in such a way that the collapse will occur after either 30 or 75 minutes at room 

temperature. Both structures (30 and 75 minute prints) are printed twice, once at room temperature and once 

at an elevated temperature by using heat lamps. Based on the results displayed in chapter 3 it is presumed that 

elevated temperatures have little influence on the stability of the structure that collapses after 30 minutes, but 

a significant influence on the structure that collapses after 75 minutes. Figure 4.1 shows a top view of the 

printed objects 

 

Figure 4.1: Top view of the printed objects.  

A total of four specimens are printed divided over two printed objects. A numerical model is used to predict the 

amount of layers that can be printed before collapse. This information is used to design the print paths in such 

a way that the specimens collapse at the desired time. Specimens PN30 and PW30 are designed to collapse 

after approximately 30 minutes. During printing specimen PW30 is subjected to the radiant heat of heat lamps. 

Specimen PN75 is designed to collapse after approximately 75 minutes. Finally specimen PW75 is presumed to 
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collapse after a significantly longer period of time than 75 minutes. Figure 4.2 shows the test setup of 

specimens PN75 and PW75 at the time the first layers are being printed. 

 

Figure 4.2: Test setup of the proof of concept. 

A thermal camera is used during the experiments in order to keep track of the concrete temperature. 

4.2. Results 
The results of the proof of concept are shown in table 4.1 

Table 4.1: Experimental results of the proof of concept. 

Specimen Layers printed before collapse [-] Time printed [min] 

PN30 33 26 

PW30* 28 22 

PN75 50 71 

PW75 Specimen did not collapse 85 

* Specimen was slightly distorted during printing 

 

The results are in accordance with the hypothesis. Both specimen PN30 and PW30 collapsed before 30 minutes 

after printing started. Specimen PN75 collapsed nearly at the predicted time of collapse of 75 minutes.  

Collapse of specimen PW75 did not occur within  85 minutes of printing.   
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Figure 4.3 shows thermal images of the specimens during printing. The temperature of the surface area of the 

structures ranged from approximately 22 ᵒC to 65 ᵒC. Significant temperature differences were observed on 

both specimen PW30 and PW75, although only locally at the location of the heat lamps. 

 

Figure 4.3: Left, thermal image of specimen PN30 and PW30 after approximately 20 minutes of printing. Right, thermal 
image of specimen PW75 after approximately 30 minutes of printing. 

4.3. Conclusion 
The results of the proof of concept support the presumptions of the experimental program. After 30 minutes of 

printing there is no significant change in the stability of the structure was observed. Printing for longer than 75 

minutes leaded to a significant increase in stability. The heated structure did not collapse after 85 minutes of 

printing at a layer height of 60 layers, where its unheated counterpart collapsed after 71 minutes at a layer 

height of 50 layers. 

It should be noted that only the effect of elevated temperatures on a local scale are tested with this proof of 

concept. The effect of a more global method of heating or the influence of colder printing temperatures is not 

taken into account and could lead to different results.  
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5. Conclusions and recommendations 
Two research goals were formulated in the first chapter of this thesis. The general goal of the graduation 

project was to determine a relation between the strength development and temperature of fresh concrete 

used for 3D printing. Besides that the applicability of maturity methods on the behaviour of fresh concrete was 

explored. In this final chapter conclusions are drawn in relation to those research goals. The conclusions are 

mainly based on the test results of the experimental program and the proof of concept. Finally, in paragraph 

5.2, recommendations are given for further research. This paragraph is divided into experimental and 

numerical research. 

5.1. Conclusions 
Based on the test results it can be concluded that higher concrete temperatures positively influence the 

strength development of fresh concrete. Colder temperatures, on the other hand, decrease the strength 

development of fresh concrete. This influence is most significant after 75 minutes where the compressive 

strength of warm cured specimens is approximately 3 times larger than that of specimens cured at room 

temperature. The strength of cold cured concrete is a factor 0,72 lower compared to concrete cured at room 

temperature at this age. 

Also after 30 minutes the strength is influenced by the curing temperature, although less significant. The 

strength of cold cured specimen after 30 minutes is a factor 0,87 lower than the control specimen cured at 

room temperature. An increase in strength with a factor 1,30 was observed for warm cured specimen. There is 

an uncertainty regarding the significance of these results. The scatter of the results of specimen tested 30 

minutes after mixing largely overlap. Hence it cannot be concluded that curing temperature influences the 

strength development for concrete of ages lower than 30 minutes. 

The applicability of maturity methods on the behaviour of fresh concrete was explored. A relation between the 

maturity and strength of fresh concrete can be established, but not with the assumption of a constant 

activation energy. Two possible scenarios could be the case based on this observation.  

1. There is no relation between maturity and strength development before 30 minutes after mixing. 

After 75 minutes there is a relation between maturity and strength, the  nature of this relation 

depends on the value of the activation energy. 

2. There is a relation between maturity and strength directly after mixing water with concrete, but with a 

varying value of activation energy over the course of time. 

The fact that series WC75 and CW75 have similar strength values, despite the fact that WC75 has a higher 

maturity, is more in accordance with the first scenario. In this scenario the concrete is unaffected by the 

temperature in the first 30 minutes after mixing, which would mean that the increased concrete temperature 

during this period does not affect the maturity of the specimens in series WC75. The specimens of series CW75 

have a higher concrete temperature in a timeframe where it has more influence on the strength development. 

The results of the proof of concept is also more in accordance with the first scenario. Elevated temperatures 

increased the stability of relatively large printed structures during printing, while the stability of smaller 

structures was unaffected by the increased temperatures. This indicates that the influence of temperature is 

not significant for printed concrete of ages younger than 30 minutes. 

Observations of previous 3DCP research lead to the presumption that printing with relatively cold water 

significantly reduced the stability of printed structures and also affected the viscosity of the material. This is not 

in accordance with the conclusion that printed concrete is unaffected by temperature in the first 30 minutes 
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after printing. Therefore the second scenario could also be valid. Another explanation for these observations 

could be that the other material properties than the compressive strength are affected by temperature for 

printed concrete younger than 30 minutes. 

5.2. Recommendations 
Recommendations for further research based on the findings of this graduation project are elaborated in this 

paragraph. First recommendations for further experimental research are given. These recommendations aim to 

fully determine the relation between maturity and strength of fresh concrete in order to take away the 

uncertainties displayed in the previous paragraph. After that some recommendations are given to use concrete 

maturity as a tool for increasing the printability of structures. These are proposals for experimental research as 

well as a numerical research. 

5.2.1. Experimental 

Based on the test results the behaviour of the fresh concrete used for printing could be explained with two 

possible scenarios. The recommendations given in this section aim to either verify or disprove these scenarios. 

The scenarios will be referred to as scenario 1 and 2 in the remainder of this paragraph. 

5.2.1.1. Determination of the activation energy 

All conclusions displayed in the previous paragraph are made with an assumed value for the activation energy. 

Obviously determining the actual value of the activation energy would be very helpful for the verification of 

some presumption that follow from the test results of this research. The most common way of determining the 

activation energy is described in ASTM C 1074. This method results in a constant value for activation energy, 

which is sufficient to calculate the strength of early age concrete (ages between 1 and 28 days). However, for 

fresh concrete this method is insufficient, because during this phase value of the activation energy can vary 

significantly. The activation energy can be determined with more accuracy by using calorimetry test methods. 

These test methods measure the heat generated by hydration reactions. With this data the degree of hydration 

can be measured as follows (Kada-Benameur et al., 1999): 

𝛼(𝑡) =
𝑋(𝑡)

𝑋(∞)
          equation 5.1 

Where: 

𝛼(𝑡)= degree of hydration at moment t in time 

𝑋(𝑡) = Heat generated at moment t in time in Joule 

𝑋(∞) = Heat generated after  theoretical infinite time in Joule 

Then the activation energy at a certain degree of hydration for a certain range of curing temperatures can be 

computed as follows (Kada-Benameur et al., 1999): 

𝐸𝑎(𝛼) = 𝑅 [(
𝑇1∗𝑇2

𝑇1−𝑇2
) ln (

𝑑𝛼1
𝑑𝑡

𝑑𝛼2
𝑑𝑡

)]        equation 5.2 

Where: 

𝐸𝑎(𝛼)= The activation energy at degree of hydration α in J/mol 

R = Universal gas constant 8,314 J/mol*K 

𝑇1 = Isothermal curing temperature of specimen 1 in ᵒC 

𝑇2 = Isothermal curing temperature of specimen 2 in ᵒC 

𝛼1 = Degree of hydration of specimen 1 

𝛼1 = Degree of hydration of specimen 2 
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The varying values of activation energy that follow from this method can be used to determine a more accurate 

relation between the maturity and strength of fresh concrete and verify the presumptions that follow from 

scenario 2. 

5.2.1.2. Larger sample sizes and more variation in temperature history 

Current test results did not show a significant influence of temperature in the first 30 minutes after mixing. The 

average strength of cold, neutral and warm cured specimens increased with temperature, but the scatter in the 

test results was too large to conclude a clear relation between temperature and strength at this age. Testing 

larger sample sizes could take away this uncertainty. If the influence of temperature 30 minutes after mixing 

remains insignificant it is more likely that scenario 1 is true. Scenario 2 is supported if a significant influence is 

found after testing larger sample sizes. 

The influence of temperature on the strength development becomes larger with an increasing rate of 

hydration. For this reason a significant difference in strength was observed 75 minutes after mixing for 

specimens with different curing histories, but not after 30 minutes. Specimens with a wider variety of age and 

temperature history could be tested in order to determine the significance of temperature influence for 

different degrees of hydration. 

5.2.1.3. Investigating the influence of temperature on more material properties 

The experimental program of this research only investigated the influence of temperature on the compressive 

strength development of fresh concrete. Other properties of fresh concrete are not taken into account. It is not 

excluded that the compressive strength is the only property that influences the stability of a freshly printed 

structure. Especially properties that are responsible for the thixotropic behaviour of concrete like flocculation 

and viscosity. This thought is supported by the fact that differences in printability are observed during printing 

that are not in accordance with the results of the experimental program. Other test methods could be used to 

investigate the influence of temperature on these properties. 

5.2.1.4. The use of accelerating admixtures 

The use of accelerating admixtures in combination with temperature could be explored. Accelerating 

admixtures increase the rate at which hydration reactions occur, which leads to a faster development of the 

hydration degree. This is illustrated in Figure 5.1. 

 

Figure 5.1: Left: Evolution of the degree of hydration without accelerator. Right Evolution of the degree of hydration with 
accelerator. 

In theory, temperature is more influential at a lower concrete age with the use of admixtures, because the rate 

of hydration increases faster. Axial compression tests could be performed on concrete with an accelerating 

admixture in order to determine the relation with temperature. This could be particularly useful if in the future 

of 3DCP research if temperature is to be used as a tool to increase printability.  
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5.2.2. Numerical 

The findings of the experimental data could be used as input for a numerical model. This numerical model 

could serve the purpose of predicting the behaviour of printed structures during construction. The validity of 

such a model should first be checked by comparing it to the results of the experimental program presented in 

this thesis. In this section the rough outlines of the steps that can be taken in order to carry out this validation 

are proposed. 

5.2.2.1. Heat transfer model 

First a heat transfer model could be made that mimics the temperature development of the experimental 

specimen. A simple version of such a model is made for this research. Material properties of the concrete 

specimen, the steel mould and plywood stand were used as input for this model. Table 5.1 shows all those 

properties. 

Table 5.1: Material properties used as input for the heat transfer model 

 Concrete Steel Plywood Ambient Unit 

Density 2100
[1] 

7850
[3]

 540
[3]

 - 𝑘𝑔

𝑚3
 

Conductivity 1,73
[2]

 50,2
[3]

 0,12
[3]

 - 𝑊

𝑚 ∗ 𝐾
 

Specific heat 750
[2]

 450
[3]

 1210
[3]

 - 𝐽

𝑘𝑔 ∗ 𝐾
 

Initial 

Temperature 

26 22 22 75 𝐾 

 

Properties of the interaction between materials are also used as input, besides the material properties shown 

in table 5.1. The two most important interaction properties are the conductance and the film coefficient, which 

respectively represent the heat transfer between materials and the heat transfer between the environment 

and materials. 
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Figure 5.2 shows the result of a heat transfers simulation. The temperature at all locations in the specimen for 

different points in time is computed. The plywood stand was not included in this simulation.  

 

Figure 5.2: Results of a heat transfer simulation of a fresh concrete specimen with steel mould. The legend shows the 
temperature in degrees Celsius.  

The results of the simulation show a realistic concrete temperature development. However, it shows a slight 

under estimation compared to the measured values of the experimental program. The reason for this is either 

the inaccuracy of the experimental measurements (e.g. thermocouple not exactly in the middle) or incorrect 

input of the interaction properties. 

5.2.2.2.  Mechanical model 

The heat transfer model serves as a tool to incorporate the varying temperature histories of the experimental 

program into a numeric environment. The heat transfer simulation could be coupled with a mechanical 

simulation.  Material properties that follow from the experimental program presented in this thesis could be 

coupled to model after the curing history of a virtual specimen is simulated. After that a simulation of the 

compression test itself could be ran. This simulation should mimic the boundary conditions of the experimental 

tests. Validity of the complete model could be proven if the simulated displacements, stresses and failure 

modes correspond with the experimental findings. 
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Annex A: Determination of Activation Energy 

according to ASTM 1074 C 
The strength to maturity relation needs to be determined first in order to determine use the maturity method 
for predicting the early age strength of concrete. This correlation is done by testing the compressive strength 
15  cylindrical specimens at ages of 1, 3, 7, 14 and 28 days (3 specimens per age)  with varying curing 
temperatures. Concrete temperature should be measured at least once every 30 minutes for the first 48 hours, 
after that a maximum time interval of 60 minutes is allowed.  
 
The datum temperature, i.e. the lowest temperature at hydration reactions occur, can be determined with the 
acquired temperature and strength data. Figure a shows  typical  strength development curves that follow from 
the data acquired with the compressive tests (Wade et al. , 2006) 

 

Figure A.1: a: Typical strength development curves. b: determination of T0 by plotting k-values against curing temperature 

The coloured curves are fitted for each curing temperature and  are described with the following parabolic 

function: 

𝑆 = 𝑆𝑢

𝑘(𝑡 − 𝑡0)

1 + 𝑘(𝑡 − 𝑡0)
 

Where: 

S = compressive strength at time t in psi 

Su = limiting compressive strength in psi 

t = time interval in hours 

t0 =  time when strength development is assumed to begin in hours  

k = rate constant, initial slope of strength-curve in 1/hour 

Su, t0 and k-values can be computed by performing a regression analysis. After that datum temperature T0 can 
be computed by plotting the k-values against the curing temperature. The intersection of the linear trendline 
that can be fitted for this data with the x-axis is defined as the  Datum temperature T0 . Figure b shows an 
example of this, note that this is just an example and that the data does not correspond with the data of Figure 
a. 
 
The maturity index of a cement can then be computed with the formula: 
 

𝑡𝑒 =
∑(𝑇𝑎−𝑇0)

(𝑇𝑟−𝑇0)
∆𝑡  

 

a 
b 
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After that the natural logarithm of the maturity index can be plotted against the compressive strength data of 
the specimens. The linear regression line between the points of this plot can be used to predict early age 
concrete strength. 
  
  



Eindhoven University of Technology    Graduation Thesis - L.J. Hermens

  

52 

 

Annex B: Compaction strategies 
Four different compaction strategies have been tested in order to find a suitable strategy for compacting the 
specimens of the experimental program. The following strategies have been tested. 
 
A: Casting the specimens in one go, no compaction 
 
B: Casting the specimens in one go, manual compaction with a steel rod 
 
C: Casting the specimens in one go, vibrating once for 5 seconds 
 
D: Casting the specimen in two times, vibrating twice for 5 seconds  
 
The results are shown in the figures below. Strategy C was chosen to be the best in terms of compaction quality 
and practicality. 
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Annex C: Experimental results 
A full elaboration of the results of the experimental program described in chapter 3 is displayed in this Annex. 

The following pages consequently consist of the following information: 

 Table of test parameters per test series 

 Table of stress and strain calculations per test series 

 Force-displacement curves per test series 

 Stress-strain curves per test series 

First the test parameters for every series are given. Table C.1 shows all parameters and their descriptions. Also 

the calculations of the stress and strain values are shown for every specimen. Table C.2 shows all parameters 

that are involved in these calculations. The last column in these tables show the stress-strain data at the time 

of failure. Finally for every test series the force-displacement and stress-strain curves are given.  

Table C.1: Test parameters and descriptions. 

Parameter Description 

Sample ID Sample identification. Indicating curing history, test time and specimen 
number. 

Date Date of testing 

Batch no. Batch number 

Test Setup Test setup used ( a total3 identical test setups were used). 

Tin [mm:ss] Time the specimen was placed in its curing environment. 

tout [h:mm:ss] Time the specimen was removed from its curing environment . 

ttest [h:mm:ss] Time the specimen was tested. 

Ttest [ᵒC] Temperature of the specimen after testing. 

msample+mould [kg] Weight of the sample and the mould together. 

mmould [kg] Weight of the mould. 

ρ [kg/m2] Density of the specimen. 

Table C.2: Calculation method of specimen stress and strain. 

Parameter Equation Description 

Di,video [-] Extracted from video footage Diameter of the specimen at time i 
as is measured with the use of video 
footage. 

Di,real [mm] 
𝐷𝑖,𝑟𝑒𝑎𝑙 =

70

𝐷0,𝑣𝑖𝑑𝑒𝑜

∗ 𝐷𝑖,𝑣𝑖𝑑𝑒𝑜 Actual diameter of the specimen at 
time i. The diameter at i=0 is a 
known value (70 mm). 

Ai  [mm2] 
𝐴𝑖 = 𝜋 ∗ (

𝐷𝑖,𝑟𝑒𝑎𝑙

2
)

2

 
Specimen surface at time . 

Fi [N] Extracted from test results Axial force acting on the specimen at 
time i. 

ui [mm] Extracted from test results Vertical displacement of the 
specimen at time i. 

σi [N/mm2] 
𝜎𝑖 =

𝐹𝑖

𝐴𝑖

 Axial stress acting on the specimen 
at time i. 

εi [%] 𝜀𝑖 =
𝑢𝑖

140
∗ 100% Axial strain of the specimen at time i. 
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C30 
Table C.3: Test parameters of series C30. 

Sample ID C30a C30b C30c C30d C30e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 0 2 1 0 0 

tin [mm:ss] 0:12:30 0:11:00 0:10:30 0:11:00 0:12:00 

tout [h:mm:ss] 0:25:00 0:26:00 0:25:30 0:26:00 0:25:30 

ttest [h:mm:ss] 0:33:00 0:34:45 0:33:00 0:31:30 0:32:00 

Ttest [ᵒC] 19 20 19 18 19 

msample+mould [kg] 2.521 2.488 2.51 2.57 2.483 

mmould [kg] 1.339 1.353 1.323 1.373 1.331 

ρ [kg/m2] 2193.8 2106.6 2203.1 2221.7 2138.2 

 

Table C.4: Stress-strain calculation of specimen C30a. 

  ti=0 ti=10 ti=20 ti=25 ti=30 ti=35 ti=38 

Di,video [-] 62.97 63.18 65.42 66.75 68.50 71.14 72.67 

Di,real [mm] 70.00 70.23 72.726 74.20 76.14 79.08 80.78 

Ai [mm
2
] 3848.45 3873.55 4153.36 4323.96 4553.66 4912.12 5125.53 

Fi [N] 0 14.93 32.91 43.42 52.92 61.40 67.17 

ui [mm] 0 3.75 9.32 12.76 17.38 25.78 35.1 

σi [kPa] 0.00 3.85 7.92 10.04 11.62 12.50 13.10 

εi [%] 0.00 2.68 6.66 9.11 12.41 18.41 25.07 

 

Table C.5: Stress-strain calculation of specimen C30b. 

  ti=0 ti=5 ti=10 ti=15 ti=20 ti=25 ti=28 

Di,video [-] 64.71 65.35 66.38 67.67 69.14 71.67 74.50 

Di,real [mm] 70.00 70.70 71.81 73.21 74.80 77.54 80.59 

Ai [mm
2
] 3848.45 3925.80 4050.40 4209.73 4394.60 4721.82 5101.11 

Fi [N] 0 8.35 17.03 28.14 36.03 45.04 50.03 

ui [mm] 0 2.39 5.43 8.89 11.136 19.97 28.89 

σi [kPa] 0.00 2.13 4.20 6.68 8.20 9.54 9.81 

εi [%] 0.00 1.71 3.88 6.35 7.95 14.26 20.64 
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C30 
Table C.6: Stress-strain calculation of specimen C30c. 

  ti=0 ti=5 ti=10 ti=15 ti=20 ti=25 ti=29 

Di,video [-] 63.72 63.94 63.92 65.59 67.70 72.11 77.67 

Di,real [mm] 70.00 70.24 70.22 72.05 74.38 79.22 85.32 

Ai [mm
2
] 3848.45 3875.19 3872.53 4077.27 4,344.73 4929.17 5717.96 

Fi [N] 0.00 7.72 16.75 24.21 36.28 41.55 46.10 

ui [mm] 0.00 0.36 2.28 5.99 13.41 19.63 32.54 

σi [kPa] 0.00 1.99 4.33 5.94 8.35 8.43 8.06 

εi [%] 0.00 0.26 1.63 4.28 9.58 14.02 23.25 

Table C.7: Stress-strain calculation of specimen C30d. 

  ti=0 ti=5 ti=10 ti=15 ti=17 

Di,video [-] 64.10 65.53 68.41 78.55 91.13 

Di,real [mm] 70.00 71.56 74.70 85.78 99.52 

Ai [mm
2
] 3848.45 4021.45 4382.84 5778.88 7778.40 

Fi [N] 0.00 9.84 19.68 29.85 33.25 

ui [mm] 0.00 4.91 10.08 19.71 29.75 

σi [N/mm
2
] 0.00 2.45 4.49 5.17 4.27 

εi [%] 0.00 3.51 7.20 14.08 21.25 

Table C.8: Stress-strain calculation of specimen C30e. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=50 

Di,video [-] 65.73 66.56 67.82 69.50 71.95 74.35 

Di,real [mm] 70.00 70.88 72.22 74.01 76.61 79.17 

Ai [mm
2
] 3848.45 3945.54 4096.82 4301.68 4610.07 4923.17 

Fi [N] 0.00 12.21 30.19 45.80 59.03 77.01 

ui [mm] 0.00 1.57 5.40 9.81 15.49 34.20 

σi [N/mm
2
] 0.00 3.10 7.37 10.65 12.80 15.64 

εi [%] 0.00 1.12 3.86 7.01 11.06 24.43 

 

 
Figure C.1: Moment of failure of specimens in series C30a to C30e (from left to right)  
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Figure C.2: Force-displacement curves of specimens in series C30.

 
Figure C.3: Stress-strain curves of specimens in series C30. 
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Table C.9: Test parameters of series N30. 

Sample ID N30a N30b N30c N30d N30e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 1 0 2 1 1 

tin [mm:ss] nvt nvt nvt nvt nvt 

tout [h:mm:ss] nvt nvt nvt nvt nvt 

ttest [h:mm:ss] 0:35:30 0:31:30 0:35:00 0:33:00 0:34:00 

Ttest [ᵒC] 22 24 22 21 22 

msample+mould [kg] 2.483 2.518 2.482 2.43 2.535 

mmould [kg] 1.329 1.343 1.349 1.313 1.338 

ρ [kg/m2] 2141.9 2180.8 2102.9 2073.2 2221.7 

 
Table C.10: Stress-strain calculation of specimen N30a. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=43 

Di,video [-] 63.48 63.87 65.62 67.62 72.56 77.71 

Di,real [mm] 70.00 70.42 72.35 74.56 80.00 85.69 

Ai [mm
2
] 3848.45 3895.03 4111.40 4365.72 5026.81 5767.08 

Fi [N] 0.00 13.65 32.71 52.04 71.56 75.78 

ui [mm] 0.00 2.08 8.60 14.00 24.48 30.81 

σi [kPa] 0.00 3.51 7.96 11.92 14.24 13.14 

εi [%] 0.00 1.48 6.14 10.00 17.48 22.01 

 
Table C.11: Stress-strain calculation of specimen N30b. 

  ti=0 ti=10 ti=20 ti=30 ti=34 

Di,video [-] 62.75 63.59 65.73 67.87 70.29 

Di,real [mm] 70.00 70.93 73.33 75.71 78.41 

Ai [mm
2
] 3848.45 3951.93 4223.17 4501.56 4829.01 

Fi [N] 0 16.96 35.28 51.56 59.03 

ui [mm] 0 4.66 10.69 19.02 31.18 

σi [kPa] 0.00 4.29 8.35 11.45 12.22 

εi [%] 0.00 3.33 7.64 13.59 22.27 
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Table C.12: Stress-strain calculation of specimen N30c. 

  ti=0 ti=5 ti=10 ti=15 ti=20 ti=27 

Di,video [-] 62.21 62.43 63.65 65.09 66.62 72.85 

Di,real [mm] 70.00 70.25 71.62 73.24 74.96 81.98 

Ai [mm
2
] 3848.45 3875.72 4028.69 4213.17 4413.31 5277.82 

Fi [N] 0.00 9.14 19.92 30.24 39.51 54.17 

ui [mm] 0.00 2.14 5.88 10.26 15.17 29.82 

σi [kPa] 0.00 2.36 4.94 7.18 8.95 10.26 

εi [%] 0.00 1.53 4.20 7.33 10.84 21.30 

 
Table C.13: Stress-strain calculation of specimen N30d. 

  ti=0 ti=5 ti=10 ti=15 ti=20 ti=25 

Di,video [-] 64.72 65.03 65.91 67.90 70.07 75.14 

Di,real [mm] 70.00 70.33 71.29 73.43 75.78 81.27 

Ai [mm
2
] 3848.45 3884.81 3991.27 4235.28 4510.45 5187.05 

Fi [N] 0.00 8.11 15.17 23.61 30.08 39.71 

ui [mm] 0.00 3.48 6.86 11.07 16.39 34.25 

σi [kPa] 0.00 2.09 3.80 5.58 6.67 7.65 

εi [%] 0.00 2.49 4.90 7.91 11.71 24.46 

 
Table C.14: Stress-strain calculation of specimen N30e. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=47 

Di,video [-] 65.44 66.29 67.15 70.32 73.61 79.08 

Di,real [mm] 70.00 70.91 71.82 75.22 78.74 84.59 

Ai [mm
2
] 3848.45 3949.31 4051.48 4443.82 4869.62 5619.92 

Fi [N] 0.00 15.50 34.30 53.42 71.96 85.94 

ui [mm] 0.00 4.06 8.46 13.22 20.04 32.15 

σi [kPa] 0.00 3.92 8.47 12.02 14.78 15.29 

εi [%] 0.00 2.90 6.04 9.45 14.32 22.97 

 

 

Figure C.4: Moment of failure of specimens in series N30a to N30e (from left to right) 
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Figure C.5: Force-displacement curves of specimens in series N30.

 

Figure C.6: Stress-strain curves of specimens in series N30. 
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Table C.15: Test parameters of series W30. 

Sample ID W30a W30b W30c W30d W30e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 2 1 0 2 2 

tin [mm:ss] 0:11:30 0:10:00 0:09:30 0:10:00 0:11:00 

tout [h:mm:ss] 0:25:30 0:25:00 0:24:30 0:25:00 0:25:00 

ttest [h:mm:ss] 0:38:00 0:32:45 0:30:30 0:35:30 0:35:30 

Ttest [ᵒC] 27 32 29 28 28 

msample+mould [kg] 2.425 2.417 2.439 2.442 2.447 

mmould [kg] 1.319 1.326 1.325 1.313 1.309 

ρ [kg/m2] 2052.8 2024.9 2067.6 2095.5 2112.2 

 
Table C.16: Stress-strain calculation of specimen W30a. 

  ti=0 ti=15 ti=30 ti=45 ti=60 ti=67 

Di,video [-] 63.50 64.00 64.44 65.44 67.44 69.59 

Di,real [mm] 70.00 70.55 71.04 72.14 74.34 76.71 

Ai [mm
2
] 3848.45 3909.30 3963.36 4087.19 4340.71 4621.36 

Fi [N] 0.00 - - 51.87 80.01 93.29 

ui [mm] 0.00 - - 8.33 16.02 31.13 

σi [kPa] 0.00 - - 12.69 18.43 20.19 

εi [%] 0.00 - - 5.95 11.44 22.23 

 

Table C.17: Stress-strain calculation of specimen W30b. 

  ti=0 ti=15 ti=30 ti=45 ti=58 

Di,video [-] 62.47 62.47 65.67 68.35 73.26 

Di,real [mm] 70.00 70.00 73.58 76.59 82.10 

Ai [mm
2
] 3848.45 3848.45 4252.44 4607.30 5293.44 

Fi [N] 0.00 11.08 31.99 53.75 67.08 

ui [mm] 0.00 4.24 9.03 18.01 32.53 

σi [kPa] 0.00 2.88 7.52 11.67 12.67 

εi [%] 0.00 3.03 6.45 12.86 23.23 
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Table C.18: Stress-strain calculation of specimen W30c. 

  ti=0 ti=15 ti=30 ti=45 ti=57 

Di,video [-] 63.50 64.00 64.44 65.44 67.44 

Di,real [mm] 70.00 70.55 71.04 72.14 74.34 

Ai [mm
2
] 3848.45 3909.30 3963.36 4087.19 4340.71 

Fi [N] 0.00 22.73 46.14 64.46 80.40 

ui [mm] 0.00 5.58 11.99 19.88 31.48 

σi [kPa] 0.00 5.81 11.64 15.77 18.52 

εi [%] 0.00 3.99 8.56 14.20 22.49 

Table C.19: Stress-strain calculation of specimen W30d. 

  ti=0 ti=5 ti=10 ti=15 ti=20 ti=25 t=30 

Di,video [-] 64.56 64.96 66.06 67.65 69.89 71.76 76.20 

Di,real [mm] 70.00 70.44 71.63 73.35 75.79 77.81 82.63 

Ai [mm
2
] 3848.45 3897.25 4029.74 4225.69 4511.34 4755.58 5362.12 

Fi [N] 0.00 8.81 19.20 28.01 38.40 45.36 54.70 

ui [mm] 0.00 2.14 5.28 8.74 13.12 17.87 28.33 

σi [kPa] 0.00 2.26 4.76 6.63 8.51 9.54 10.20 

εi [%] 0.00 1.53 3.77 6.24 9.37 12.76 20.24 

Table C.20: Stress-strain calculation of specimen W30e. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=50 

Di,video [-] 61.74 62.35 63.54 64.95 66.85 70.64 

Di,real [mm] 70.00 70.69 72.05 73.64 75.80 80.10 

Ai [mm
2
] 3848.45 3924.88 4077.16 4259.32 4512.58 5039.18 

Fi [N] 0.00 15.25 34.65 53.06 71.33 81.20 

ui [mm] 0.00 2.44 5.90 9.95 16.65 28.47 

σi [kPa] 0.00 3.89 8.50 12.46 15.81 16.11 

εi [%] 0.00 1.74 4.21 7.11 11.89 20.34 

 

 

Figure C.7: Moment of failure of specimens in series W30a to W30e (from left to right) 
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Figure C.8: Force-displacement curves of specimens in series W30. 

 

Figure C.9: Stress-strain curves of specimens in series W30. 
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Table C.21: Test parameters of series C75. 

Sample ID C75a C75b C75c C75d C75e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 1 0 2 1 1 

tin [mm:ss] 0:12:30 0:11:00 0:10:30 0:11:00 0:12:00 

tout [h:mm:ss] 1:11:00 1:11:00 1:10:30 1:10:00 1:11:00 

ttest [h:mm:ss] 1:23:00 1:17:00 1:25:00 1:21:00 1:25:00 

Ttest [ᵒC] 12 12 11 9 11 

msample+mould [kg] 2.486 2.425 2.636 2.522 2.439 

mmould [kg] 1.347 1.32 1.44 1.347 1.319 

ρ [kg/m2] 2114.0 2050.9 2219.8 2180.8 2078.8 

 
Table C.22: Stress-strain calculation of specimen C75a. 

  ti=0 ti=15 ti=30 ti=45 ti=55 

Di,video [-] 61.31 62.55 63.87 65.93 68.04 

Di,real [mm] 70.00 71.41 72.92 75.27 77.69 

Ai [mm
2
] 3848.45 4005.31 4176.15 4449.63 4739.99 

Fi [N] 0.00 27.90 56.33 84.88 106.58 

ui [mm] 0.00 5.18 9.88 15.99 25.96 

σi [kPa] 0.00 6.97 13.49 19.08 22.49 

εi [%] 0.00 3.70 7.06 11.42 18.55 

 

Table C.23: Stress-strain calculation of specimen C75b. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=50 

Di,video [-] 60.44 60.70 62.10 64.15 66.57 73.20 

Di,real [mm] 70.00 70.30 71.92 74.30 77.10 84.79 

Ai [mm
2
] 3848.45 3881.64 4062.90 4335.59 4668.75 5646.03 

Fi [N] 0.00 11.19 32.23 47.15 64.79 84.13 

ui [mm] 0.00 2.13 7.03 11.83 17.86 34.51 

σi [kPa] 0.00 2.88 7.93 10.88 13.88 14.90 

εi [%] 0.00 1.52 5.02 8.45 12.76 24.65 
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Table C.24: Stress-strain calculation of specimen C75c. 

  ti=0 ti=15 ti=30 ti=45 ti=60 ti=64 

Di,video [-] 62.28 63.18 64.76 66.84 68.90 70.00 

Di,real [mm] 70.00 71.01 72.79 75.12 77.43 78.67 

Ai [mm
2
] 3848.45 3960.11 4161.56 4432.23 4709.38 4861.25 

Fi [N] 0.00 24.52 47.47 68.97 82.25 92.11 

ui [mm] 0.00 4.45 9.00 14.73 21.21 29.59 

σi [kPa] 0.00 6.19 11.41 15.56 17.46 18.95 

εi [%] 0.00 3.18 6.43 10.52 15.15 21.14 

Table C.25: Stress-strain calculation of specimen C75d. 

  ti=0 ti=10 ti=20 ti=30 ti=40 ti=50 

Di,video [-] 63.57 63.91 65.28 67.39 70.55 81.41 

Di,real [mm] 70.00 70.37 71.88 74.20 77.68 89.64 

Ai [mm
2
] 3848.45 3888.99 4058.26 4324.58 4738.70 6311.39 

Fi [N] 0.00 11.08 23.81 37.26 51.05 62.33 

ui [mm] 0.00 3.54 7.39 11.89 18.74 32.06 

σi [kPa] 0.00 2.85 5.87 8.62 10.77 9.88 

εi [%] 0.00 2.53 5.28 8.49 13.39 22.90 

Table C.26: Stress-strain calculation of specimen C75e. 

  ti=0 ti=15 ti=30 ti=45 ti=60 ti=65 

Di,video [-] 63.06 63.74 65.32 66.44 69.29 71.47 

Di,real [mm] 70.00 70.75 72.51 73.75 76.92 79.33 

Ai [mm
2
] 3848.45 3931.53 4129.75 4272.19 4646.84 4943.14 

Fi [N] 0.00 23.88 52.70 77.50 106.25 115.75 

ui [mm] 0.00 4.01 9.05 13.63 21.82 28.71 

σi [kPa] 0.00 6.07 12.76 18.14 22.87 23.42 

εi [%] 0.00 2.86 6.47 9.74 15.59 20.51 

 

 

Figure C.10: Moment of failure of specimens in series C75a to C75e (from left to right) 
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Figure C.11: Force-displacement curves of specimens in series C75. 

 

Figure C.12: Stress-strain curves of specimens in series C75. 
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Table C.27: Test parameters of series N75. 

Sample ID N75a N75b N75c N75d N75e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 2 1 0 2 2 

tin [mm:ss] x x x x x 

tout [h:mm:ss] x x x x x 

ttest [h:mm:ss] 1:26:30 1:19:00 1:17:00 1:24:30 1:27:00 

Ttest [ᵒC] 19 21 20 20 20 

msample+mould 

[kg] 
2.526 2.495 2.529 2.572 2.536 

mmould [kg] 1.326 1.331 1.296 1.352 1.362 

ρ [kg/m2] 2227.2 2160.4 2288.5 2264.4 2179.0 

 

Table C.28: Stress-strain calculation of specimen N75a. 

  ti=0 ti=20 ti=40 ti=60 ti=80 ti=100 ti=101 

Di,video [-] 63.32 63.41 64.63 65.84 67.48 72.06 72.06 

Di,real [mm] 70.00 70.09 71.45 72.78 74.60 79.66 79.66 

Ai [mm
2
] 3848.45 3858.79 4009.33 4159.84 4370.31 4983.54 4983.54 

Fi [N] 0.00 31.16 60.29 89.22 119.33 145.36 147.80 

ui [mm] 0.00 4.40 7.43 10.50 14.40 28.35 46.74 

σi [kPa] 0.00 8.08 15.04 21.45 27.30 29.17 29.66 

εi [%] 0.00 3.14 5.31 7.50 10.29 20.25 33.39 

 

Table C.29: Stress-strain calculation of specimen N75b. 

  ti=0 ti=15 ti=30 ti=45 ti=60 ti=75 ti=80 

Di,video [-] 63.77 64.02 65.78 67.16 69.01 71.51 73.00 

Di,real [mm] 70.00 70.28 72.21 73.73 75.76 78.50 80.13 

Ai [mm
2
] 3848.45 3879.05 4095.77 4269.67 4507.34 4839.43 5043.35 

Fi [N] 0.00 21.77 43.60 65.49 88.51 111.93 117.80 

ui [mm] 0.00 4.08 7.71 11.23 15.52 23.13 29.14 

σi [kPa] 0.00 5.61 10.64 15.34 19.64 23.13 23.36 

εi [%] 0.00 2.92 5.51 8.02 11.09 16.52 20.82 
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Table C.30: Stress-strain calculation of specimen N75c. 

  ti=0 ti=15 ti=30 ti=45 ti=60 ti=63 

Di,video [-] 61.66 62.51 63.83 66.23 70.54 74.63 

Di,real [mm] 70.00 70.97 72.47 75.19 80.08 84.73 

Ai [mm
2
] 3848.45 3955.80 4124.63 4440.24 5036.85 5638.51 

Fi [N] 0.00 24.43 53.94 79.38 107.54 113.64 

ui [mm] 0.00 3.39 8.26 13.59 24.38 29.72 

σi [kPa] 0.00 6.17 13.08 17.88 21.35 20.16 

εi [%] 0.00 2.42 5.90 9.71 17.41 21.23 

Table C.31: Stress-strain calculation of specimen N75d. 

  ti=0 ti=15 ti=30 ti=45 ti=58 ti=60 

Di,video [-] 63.40 63.71 65.26 66.78 72.50 76.63 

Di,real [mm] 70.00 70.35 72.06 73.73 80.05 84.61 

Ai [mm
2
] 3848.45 3886.91 4078.46 4269.88 5032.42 5621.98 

Fi [N] 0.00 25.44 53.12 83.17 102.24 107.69 

ui [mm] 0.00 3.89 8.92 15.93 28.35 35.86 

σi [kPa] 0.00 6.55 13.03 19.48 20.32 19.16 

εi [%] 0.00 2.78 6.37 11.38 20.25 25.61 

Table C.32: Stress-strain calculation of specimen N75e. 

  ti=0 ti=30 ti=60 ti=90 ti=120 ti=140 

Di,video [-] 61.94 63.48 63.75 64.38 66.65 71.09 

Di,real [mm] 70.00 71.75 72.05 72.76 75.32 80.34 

Ai [mm
2
] 3848.45 4043.10 4077.31 4157.91 4456.17 5069.55 

Fi [N] 0.00 40.96 61.93 85.01 132.15 157.07 

ui [mm] 0.00 7.07 8.78 11.49 17.73 31.64 

σi [kPa] 0.00 10.13 15.19 20.45 29.66 30.98 

εi [%] 0.00 5.05 6.27 8.21 12.66 22.60 

 

 

Figure C.13: Moment of failure of specimens in series N75a to N75e (from left to right) 
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Figure C.14: Force-displacement curves of specimens in series N75. 

 

Figure C.15: Stress-strain curves of specimens in series N75. 
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Table C.33: Test parameters of series W75. 

Sample ID W75a W75b W75c W75d W75e 

Date 20171109 20171115 20171115 20171115 20171122 

Batch no. 1 2 3 4 5 

Test Setup 0 2 1 0 0 

tin [mm:ss] 0:11:30 0:10 0:09:30 0:10:00 0:11:00 

tout [h:mm:ss] 1:11:00 1:10:00 1:09:30 1:10:00 1:11:00 

ttest [h:mm:ss] 1:18:00 1:23:00 1:17:00 1:17:00 1:18:00 

Ttest [ᵒC] 37 34 36 38 37 

msample+mould 

[kg] 
2.415 2.466 2.5 2.519 2.485 

mmould [kg] 1.32 1.353 1.295 1.346 1.335 

ρ [kg/m2] 2032.4 2065.8 2236.5 2177.1 2134.4 

 
Table C.34: Stress-strain calculation of specimen W75a. 

  ti=0 ti=30 ti=60 ti=90 ti=120 ti=150 ti=163 

Di,video [-] 57.74 58.12 58.59 58.87 59.28 59.60 61.09 

Di,real [mm] 70.00 70.47 71.04 71.37 71.87 72.25 74.06 

Ai [mm
2
] 3848.45 3899.81 3963.14 4001.11 4056.48 4100.12 4308.13 

Fi [N] 0.00 57.67 113.64 170.30 227.97 274.10 336.86 

ui [mm] 0.00 4.29 6.82 8.66 10.31 11.67 14.09 

σi [kPa] 0.00 14.79 28.68 42.56 56.20 66.85 78.19 

εi [%] 0.00 3.06 4.87 6.19 7.36 8.34 10.06 

 
Table C.35: Stress-strain calculation of specimen W75b. 

  ti=0 ti=60 ti=120 ti=180 ti=240 ti=300 ti=348 

Di,video [-] 59.40 59.80 60.72 61.31 61.59 61.65 62.92 

Di,real [mm] 70.00 70.47 71.56 72.25 72.58 72.65 74.15 

Ai [mm
2
] 3848.45 3900.07 4021.79 4100.06 4137.46 4145.39 4318.77 

Fi [N] 0.00 58.12 165.09 216.70 256.94 299.67 358.05 

ui [mm] 0.00 1.89 5.02 6.70 7.49 7.97 10.08 

σi [kPa] 0.00 14.90 41.05 52.85 62.10 72.29 82.91 

εi [%] 0.00 1.35 3.59 4.79 5.35 5.69 7.20 
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Table C.36: Stress-strain calculation of specimen W75c. 

  ti=0 ti=30 ti=60 ti=90 ti=120 ti=150 ti=154 

Di,video [-] 62.18 62.88 63.65 64.18 64.85 65.88 66.91 

Di,real [mm] 70.00 70.79 71.65 72.25 73.01 74.17 75.33 

Ai [mm
2
] 3848.45 3936.34 4032.57 4099.89 4186.71 4320.63 4456.65 

Fi [N] 0.00 58.24 116.94 175.64 229.33 254.85 251.16 

ui [mm] 0.00 3.92 6.46 8.41 10.20 12.44 13.71 

σi [kPa] 0.00 14.80 29.00 42.84 54.77 58.98 56.36 

εi [%] 0.00 2.80 4.61 6.01 7.29 8.88 9.79 

Table C.37: Stress-strain calculation of specimen W75d. 

  ti=0 ti=20 ti=50 ti=80 ti=110 ti=136 

Di,video [-] 62.25 62.76 63.52 63.50 64.65 66.23 

Di,real [mm] 70.00 70.57 71.43 71.40 72.69 74.48 

Ai [mm
2
] 3848.45 3911.43 4006.86 4004.09 4150.05 4356.30 

Fi [N] 0.00 26.46 82.44 137.39 196.42 240.52 

ui [mm] 0.00 2.36 6.06 8.86 11.57 15.39 

σi [kPa] 0.00 6.76 20.57 34.31 47.33 55.21 

εi [%] 0.00 1.69 4.33 6.33 8.26 10.99 

Table C.38: Stress-strain calculation of specimen W75e. 

  ti=0 ti=41 ti=101 ti=161 ti=221 ti=281 ti=341 ti=366 

Di,video [-] 61.39 61.71 62.18 62.63 63.10 63.16 63.66 65.26 

Di,real [mm] 70.00 70.36 70.90 71.42 71.95 72.02 72.59 74.42 

Ai [mm
2
] 3848.45 3888.22 3948.56 4005.79 4066.14 4073.74 4138.50 4349.40 

Fi [N] 0.00 58.69 137.39 218.47 257.82 313.46 378.59 444.06 

ui [mm] 0.00 3.55 6.16 7.84 8.88 9.51 10.48 12.26 

σi [kPa] 0.00 15.09 34.80 54.54 63.41 76.95 91.48 102.10 

εi [%] 0.00 2.54 4.40 5.60 6.34 6.79 7.49 8.76 

 

 

Figure C.16: Moment of failure of specimens in series W75a to W75e (from left to right) 
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W75 

 
Figure C.17: Force-displacement curves of specimens in series W75. 

 
Figure C.18: Stress-strain curves of specimens in series W75. 
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WC75 
Table C.39: Test parameters of series WC75. 

Sample ID WC75a WC75b WC75c 

Date 20171122 20171122 20171115 

Batch no. 7 7 9 

Test Setup 2 1 0 

tin [mm:ss] 0:10:00 0:10:00 10:00:00 

tout [h:mm:ss] 1:10:00 1:10:00 1:10:00 

ttest [h:mm:ss] 1:21:30 1:41:00 1:19:00 

Ttest [ᵒC] - - - 

msample+mould 

[kg] 
2.534 2.469 2.54 

mmould [kg] 1.358 1.351 1.334 

ρ [kg/m2] 2182.7 2075.0 2238.4 

 
Table C.40: Stress-strain calculation of specimen WC75a. 

  ti=0 ti=20 ti=40 ti=60 ti=80 ti=98 

Di,video [-] 62.25 63.08 63.65 64.82 65.76 69.66 

Di,real [mm] 70.00 70.93 71.57 72.88 73.94 78.33 

Ai [mm
2
] 3848.45 3951.25 4022.60 4171.73 4293.87 4818.43 

Fi [N] 0.00 34.45 71.93 114.07 150.43 182.18 

ui [mm] 0.00 3.62 6.99 10.66 14.77 22.27 

σi [kPa] 0.00 8.72 17.88 27.34 35.03 37.81 

εi [%] 0.00 2.59 4.99 7.61 10.55 15.91 

 

Table C.41: Stress-strain calculation of specimen WC75b. 

  ti=0 ti=30 ti=60 ti=90 ti=120 ti=134 

Di,video [-] 63.77 64.44 65.86 66.47 67.55 69.14 

Di,real [mm] 70.00 70.73 72.30 72.96 74.15 75.90 

Ai [mm
2
] 3848.45 3929.62 4105.47 4180.99 4318.87 4524.30 

Fi [N] 0.00 44.45 88.91 136.00 181.71 198.99 

ui [mm] 0.00 5.70 9.43 12.61 16.34 22.34 

σi [kPa] 0.00 11.31 21.66 32.53 42.07 43.98 

εi [%] 0.00 4.07 6.74 9.01 11.67 15.96 
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WC75 
 
Table C.42: Stress-strain calculation of specimen WC75c. 

  ti=0 ti=110 ti=125 ti=140 

Di,video [-] 62.18 66.82 68.15 68.98 

Di,real [mm] 70.00 75.23 76.73 77.66 

Ai [mm
2
] 3848.45 4444.67 4623.64 4737.08 

Fi [N] 0.00 163.85 189.63 211.01 

ui [mm] 0.00 15.79 17.96 22.82 

σi [kPa] 0.00 36.86 41.01 44.54 

εi [%] 0.00 11.28 12.83 16.30 

 

 

Figure C.19: Moment of failure of specimens in series WC75a to WC75c (from left to right) 
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Figure C.20: Force-displacement curves of specimens in series WC75. 

 

 

Figure C.21: Stress-strain curves of specimens in series WC75. 
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Table C.43: Test parameters of series CW75. 

Sample ID CW75a CW75b CW75c 

Date 20171122 20171122 20171115 

Batch no. 7 7  

Test Setup 0 2 1 

tin [mm:ss] 0:10:00 0:10:00 0:11:00 

tout [h:mm:ss] 1:10:00 1:10:00 1:10:00 

ttest [h:mm:ss] 1:38:00 1:44:30 1:22:30 

Ttest [ᵒC] x x  

msample+mould 

[kg] 
2.474 2.498 2.528 

mmould [kg] 1.344 1.322 1.327 

ρ [kg/m2] 2097.3 2182.7 2229.1 

 

Table C.44: Stress-strain calculation of specimen CW75a. 

  ti=0 ti=30 ti=60 ti=90 ti=120 

Di,video [-] 62.44 62.81 64.29 65.71 68.88 

Di,real [mm] 70.00 70.41 72.08 73.66 77.22 

Ai [mm
2
] 3848.45 3893.95 4080.12 4261.17 4682.94 

Fi [N] 0.00 47.83 103.13 159.44 213.38 

ui [mm] 0.00 3.14 6.73 10.48 19.09 

σi [kPa] 0.00 12.28 25.28 37.42 45.57 

εi [%] 0.00 2.24 4.81 7.49 13.64 

 

Table C.45: Stress-strain calculation of specimen CW75b. 

  ti=0 ti=30 ti=60 ti=90 ti=123 

Di,video [-] 61.52 62.75 64.15 64.79 67.26 

Di,real [mm] 70.00 71.39 72.99 73.72 76.53 

Ai [mm
2
] 3848.45 4002.98 4183.73 4268.42 4600.06 

Fi [N] 0.00 53.91 109.47 149.44 195.73 

ui [mm] 0.00 3.86 7.08 9.59 15.11 

σi [kPa] 0.00 13.47 26.17 35.01 42.55 

εi [%] 0.00 2.76 5.06 6.85 10.79 
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Table C.46: Stress-strain calculation of specimen CW75c. 

  ti=0 ti=30 ti=60 ti=90 ti=121 

Di,video [-] 64.21 65.35 67.22 69.12 73.29 

Di,real [mm] 70.00 71.25 73.28 75.35 79.90 

Ai [mm
2
] 3848.45 3987.06 4218.12 4459.43 5014.32 

Fi [N] 0.00 51.51 109.29 166.14 189.09 

ui [mm] 0.00 3.86 7.08 9.59 14.11 

σi [kPa] 0.00 12.92 25.91 37.26 37.71 

εi [%] 0.00 2.76 5.06 6.85 10.08 

 

 

Figure C.22: Moment of failure of specimens in series CW75a to CW75c (from left to right) 
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Figure C.23: Force-displacement curves of specimens in series CW75. 

 

 

Figure C.24: Stress-strain curves of specimens in series CW75. 
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Table C.47: Test parameters of series N200. 

Sample ID CW75a CW75b CW75c 

Date 20171219 20171219 20171219 

Batch no. 7 7  

Test Setup 0 2 1 

tin [mm:ss] x x x 

tout [h:mm:ss] 1:10:00 1:10:00 1:10:00 

ttest [h:mm:ss] 3:25:00 3:30:00 3:40:00 

Ttest [ᵒC] x x x 

msample+mould 

[kg] 
2.474 2.498 2.528 

mmould [kg] 1.344 1.322 1.327 

ρ [kg/m2] 2097.3 2182.7 2229.1 

 

Table C.48: Stress-strain calculation of specimen N200a. 

  ti=0 ti=170 ti=336 

Di,video [-] 61.15 62.65 63.25 

Di,real [mm] 70.00 71.72 72.41 

Ai [mm
2
] 3848.45 4039.58 4117.58 

Fi [N] 0.00 241.54 451.19 

ui [mm] 0.00 5.29 9.16 

σi [kPa] 0.00 59.79 109.58 

εi [%] 0.00 3.78 6.54 

 

Table C.49: Stress-strain calculation of specimen N200b. 

  ti=0 ti=150 ti=308 

Di,video [-] 62.18 63.87 65.27 

Di,real [mm] 70.00 71.90 73.48 

Ai [mm
2
] 3848.45 4060.63 4240.73 

Fi [N] 0.00 161.26 449.62 

ui [mm] 0.00 4.27 9.53 

σi [kPa] 0.00 39.71 106.02 

εi [%] 0.00 3.05 6.81 
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Table C.50: Stress-strain calculation of specimen N200c. 

  ti=0 ti=166 ti=346 

Di,video [-] 59.18 60.28 61.75 

Di,real [mm] 70.00 71.31 73.04 

Ai [mm
2
] 3848.45 3993.52 4190.25 

Fi [N] 0.00 218.01 528.66 

ui [mm] 0.00 3.35 9.19 

σi [kPa] 0.00 54.59 126.17 

εi [%] 0.00 2.39 6.56 

 

 

Figure C.25: Moment of failure of specimens in series N200a to N200c (from left to right) 
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Figure C.26: Force-displacement curves of specimens in series N200. 

 

 

Figure C.27: Stress-strain curves of specimens in series N200. 
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