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Abstract

The thesis deals with the influences of concrete mix design changes and common de-
viations during concrete production on the regression relationship of the maturity
method, which represents the compressive strength development of the specific con-
crete mix design and is a basis for nondestructive monitoring of early-age compres-
sive strength. The main aim is to get more insights into the behaviour of regression
relationships, which the standard calls the calibration curve, in response to changes
in the concrete mix design or deviation during concrete production. It should allow
easier usage of the maturity method, which is used in practice more often. The re-
search was divided into several phases. The tests started in the laboratory environ-
ment, which provided more precise results as a preparation for tests in practice.
Then, the investigation of different concrete mix design changes and their influences
continued on the concrete plant, which already offers valid practical results. One of
the last phases took place directly on the construction site and investigated the devi-
ationsin practice during the actual concrete pouring within two seasons. Those results
provide transparent information about the accuracy of the maturity method applied
in practice.

Keywords

Early Age Concrete, Compressive Strength, Maturity Method, Calibration Curve,
Strength-Maturity Relationship

Abstrakt

Tato prace se zabyva vlivem zmén v recepture betonu a béznych odchylek pfi vyrobé
na regresni vztah metody zralosti, ktery popisuje vyvoj pevnosti betonu v tlaku dané
receptury a je zakladem pro nedestruktivni méreni pevnosti betonu raného stari. Hlav-
nim cilem prace je ziskdni poznatkd o chovani regresniho vztahu, ktery je normou na-
zyvan jako kalibra&ni kfivka, na zmény receptury ¢i odchylky ve vyrobé& betonové smési.
To ma za cil usnadnit pouziti metody zralosti, kterd je v soucasnosti stale vice vyuzi-
vana v praxi. Vyzkum byl rozdélen do nékolika ¢asti. Zkousky zacaly nejdfive v labora-
tofi a poskytly presnéjsi vysledky pro napldnovani navazujicich zkouSek v prostredi
praxe. Dale pokracovalo zkoumani vlivd rdznych Uprav receptur na kalibrac¢ni krivku
pfimo na betonarné, coz poskytuje velmi uziteéné vysledky pro praxi. Odchylky v do-
davkach betonové smési a jejich vlivy na presnost metody byly zkouseny pfimo
na stavbé b&hem betondzi v rdmci dvou rocnich obdobi. Tyto vysledky poskytuji pfe-
hlednou informaci o presnosti metody zralosti pfi pouziti v praxi.

Klicova slova

Beton raného stafi, Pevnost v tlaku betonu, Metoda zralosti, Kalibraéni kfivka, Vztah zra-
losti a pevnosti v tlaku
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@ Introduction

1 Introduction

Concrete is the most used building material in the construction industry. It is used fre-
quently ininfrastructure projects, as well asinresidential projects. The widespread use
of concrete is caused mainly by its universality of usage, mechanical properties, dura-
bility, perfect synergy with reinforcement, and low costs. [1; 2]

Cement is one of the essential constituents of concrete due to its chemical reaction
with water — hydration of cement. If cement is mixed with water, it results in cement
paste, which sets and hardens. During the setting process, the cement paste loses
workability and ductility. Then, during the hardening process, the compressive
strength increases. Concrete consists of aggregates connected by hardened cement
paste. [1]

The compressive strength of concrete is one of the critical properties of concrete
atan early age and later age. Knowing the current compressive strength value at an
early age helps determine a suitable time for removing the formwork, moving
the climbing formwork to the next step, loading the structure, applying prestressing
forces or finishing curing operations. It allows for shortening of the construction site's
cycle time, leading to the optimised construction process in terms of time, costs and
safety. Some destructive and non-destructive tests allow for determining compressive
strength at an early age. [3; 4]

One of the non-destructive methods described in this thesis in more detail is the
so-called maturity method. This method is used all over the world using different ma-
turity functions. Implementation of this method into measuring devices is quite sim-

ple.

Usage of the method still increases due to advancing digitalisation in the construction
industry and time pressure in the construction process with the same quality require-
ments. Expanding the number of commercial maturity systems available on the mar-
ket, especially in the last five years, also contributes to increasing the usage of the ma-
turity method. Last but not least, more frequent use of cement types with reduced
clinker content (e.g. Portland composite cement CEM II/B) and ambitious plans for de-
carbonising the cementindustry, which proposed wider use of CEM II/Cand CEM VI cre-
ate new opportunities for maturity methods because of slower compressive strength
development. [5; 6]

The most crucial step before the beginning of the measuring is a calibration of the par-
ticular concrete mix design which will be used in the project. Calibration determines
the calibration curve experimentally for a specific concrete mix design. The calibration
curve shows the relationship between maturity and compressive strength. It means
that once the calibration curve is developed, the compressive strength development
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of the calibrated concrete mix can be calculated based on the actual temperature de-
velopment of the concrete. As soon as the concrete mix design is changed, a new cal-
ibration curve should be performed. [7; 8]

The process of calibration costs time, money and effort of lab technicians. Construction
companies and concrete suppliers want more insights into the influences on the cali-
bration curve, allowing them to simplify the process and reduce their effort during cal-
ibration. Recent research shows the first results, how a change in a concrete mix com-
position can influence the calibration curve. However, a detailed and up-to-date anal-
ysis showing the effect of various changes in concrete mix composition on the calibra-
tion curve (compressive strength development) is still missing. Moreover, most inves-
tigations were performed in the laboratory and not in practice, where the situation is
different, and many deviations can occur. [9; 10; 11]

Based on the potential of the maturity method and the need for more insights
in the construction industry, this thesis will provide an overview of frequent changes
in a concrete mix composition and their impact on the calibration curve = compres-
sive strength development. This overview can help to reduce the effort during the cal-
ibration process, unsuccessful tries and, in the end, the number of concrete calibra-
tions. Additionally, the thesis will give information on possible deviations in practice
(at the batching plant and construction site). Those deviations are essential to consider
while implementing the method in the construction project.

1.1 Fundamental terms

The following terms are often used in the thesis:

Early age concrete — Early age period starts when the concrete is poured and com-
pacted, but its end is not strictly defined. It depends on the investigated property
of concrete. If the compressive strength is monitored, early-age concrete can be con-
sidered up to 7 days from pouring or up to 70% — 80% of 28-day compressive strength.
(12]

Compressive strength — Compressive strength is the fundamental property of con-
crete. Value gives a rough indication of “concrete quality”. Typical compressive
strength development is quick at an early age and slower at a later age. However,
the development depends on the concrete mix composition and concrete tempera-
ture. The compressive strength of concrete is usually destructively tested on standard
cubes or cylinders in construction practice. Unit is [MPa] alternatively [Psi]. [1; 12]

Maturity method - The non-destructive method which allows for determining
the compressive strength of the concrete in the structure based on the calibration
curve and temperature development. The method enables comparing the compres-
sive strength development of different calibrated concrete mixes or the strength de-
velopment of a single concrete mix maturing at various temperatures. The maturity
method is described in more detail below (chapter 5). [7; 8]
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Maturity — Maturity [°Ch] is a product of time and temperature. The value of maturity
can be calculated using equations of different maturity methods described in chapter
5.11(7; 8]

Calibration curve or line — The relationship between maturity and strength develop-
ment is determined based on testing samples of different ages. [4; 7]

1.2 Aim of the thesis

The thesis aims to clarify following topics and answer the particular questions men-
tioned below:

Verification of the usage of the maturity method in practise: Does maturity
method provide reliable result also on the construction site with ready mix con-
crete? What are the deviations of early age strength development of one par-
ticular concrete mix design supplied regularly in a typical construction project?

Specification of the most important parameters influencing the compressive
strength development in early age: In particular, what is the effect of specific
concrete mix design changes on compressive strength development (calibra-
tion curve)?

o Representative concrete mix design changes:
= Cement:
¢ Cementtypes
¢ Cementamount
* Cementsource
= Water
* Water/cementratio
= Aggregates
e Different types of sand
e Maximum grain size
=  Admixtures
e Superplasticizer
e Accelerator
= Additions or cement replacement
e Flyash
* Limestone
The list of selected concrete mix design changes above presents only a rough
idea. More details are shared in the practical part (chapter 6). The author's con-
cept is to adapt the concrete mix design in the way it is done in practice and
not create theoretical concrete mix design (e.g. very high cement content
+ very high dosage of water).

Evaluation of the effect of deviations in concrete composition on the compres-
sive strength development at early age: Which concrete mix design changes
(from the list above) are not significant and do not require recalibration? Which

10
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deviations may the individual components have in dosage so that recalibration
does not have to be performed? Is it possible to recalculate the calibration
curve based on a change in concrete mix design instead of the need for recali-
bration?

¢ Recommendation for application of the maturity method and specification
of the safety factors: Can the safety factor calculated according to NEN 5970
cover those deviations?

1.3 Structure of the thesis

The dissertation thesis is divided into 13 chapters. Chapters 2 to 5 provide the theo-
retical background, complemented by the author's experiences or his own measure-
ments. Chapters 6 to 12 are purely focused on the execution of the experimental part,
results and gained findings. Each chapteris finished with a summary showing prefer-
ably the new knowledge. The general conclusions are summarised in chapter 13.

11
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2 Cement Hydration

This chapter covers theoretical basics related to concrete mix composition and ce-
ment hydration, which are necessary to mention for a better understanding of conse-
quent chapters and especially the practical part of the thesis. For a more straightfor-
ward explanation of the hydration process, one of the results of isothermal calorimetry
tests of cement performed by the author is used.

Before a more detailed description of the hydration process, several essential pieces
of information about concrete composition are introduced. Concrete consists of ag-
gregates covered and connected with cement paste. Fresh concrete consists of the
following materials: [1]

e aggregates
* cement

* water

e admixtures
e additions.

As mentioned in the introduction, cement plays a crucial role in concrete because it
sets and hardens after mixing with water. The cement paste (cement + water) sur-
rounds coarse and fine aggregates in a fresh concrete mix. Water allows cement hy-
dration reaction and workability of fresh concrete. The mixed cement paste first sets
and then hardens due to cement hydration. The setting process of the cement paste
is characteristic of loss of workability and malleability. Then, during the hardening pro-
cess, the compressive strength increases. In the end, the cement hydration reaction
results in "an artificial stone." [1; 2]

Admixtures can enhance or modify concrete properties; the most common example
is a superplasticiser, which can assure suitable consistency with lower water content.
Additions, powder materials, are used for cement substitution or improving specific
properties of concrete. [1; 2]

The usual concrete mix contains approximately 75% of aggregates, 15% of cement, 7%
of water, and the remaining 3% weight could be filled by additions and admixtures.
Admixtures usually fill less than one per cent of fresh concrete weight, and their dos-
age is specified to cement weight. [1]

Since concrete was introduced as the most used construction material globally (chap-
ter 1), selected global figures regarding its production are shared. The three biggest
producers, China National Building Material (approx. 112 Mm?3), Cemex (approx. 47.0
Mm?3), and Heidelberg Materials (approx. 46.9 Mn3), are followed by Holcim, CRH and
others. The global concrete production in 2020 was approximately 10.1 billion m3. Most
of the concrete was produced in China, approx. 28% of the worldwide production. [13]

12
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2.1 Cement

The main ingredient of cement is the clinker, which is produced by heating a mixture
of raw materials (limestone, clay, correcting and auxiliary materials) at 1450°C in a ro-
tary kiln. The manufactured clinker is then ground with gypsum or anhydrite, which
acts as a setting controller. Adding a suitable dosage of gypsum or anhydrite allows
the use of cement in construction practice because it avoids a fast drop in workability
when itis mixed with water. [1; 14]

During clinker production, the calcination process in the rotary kiln requires quite
a high temperature and splits the material into calcium oxide and carbon dioxide (1).
The whole production releases a large quantity of CO, into the atmosphere. This topic
is often discussed as one of the biggest challenges concerning sustainability
in the construction industry. Roughly two-thirds of the overall CO, emissions of clinker
production come from limestone. The remaining one-third comes from the fuels
for heating the kiln at 1450°C. By the way, the flame's temperature is roughly
up to 2000°C. Other processes during cement production, such as grinding, cooling,
mixing, and transport, have significantly lower CO, emissions. Cement is responsible
for approximately 8% of the world's CO, emissions. [5; 15]

CaC0O3 + heat = CaO + CO, M

Every final cement product needs to comply with cement standards. The detailed
specification of cement types is stated in EN 197-1 and recently published standard
EN 197-5. EN 197-6 will also be published soon, introducing cement types with recy-
cled concrete fines. Besides the mentioned standards, individual standards specify
very low-heat special cement, supersulfated cement, calcium aluminate cement, and
masonry cement.[16;17; 18; 19]

The cement type, the abbreviation of addition, and strength class identification de-
scribe cement (e.g. CEM II/B-S 32,5R). A brief and simplified overview of cement types
is shown in table 1. Produced clinker can be mixed with the following materials: blast-
furnace slag (S), silica fume (D), natural pozzolana (P), natural calcined pozzolana (Q),
siliceous fly ash (V), calcareous fly ash (W), burnt shale (T), limestone (L or LL) or recycled
concrete fines (F). Standard strength classes are 32,5L; 32,5N; 32,5R; 42,5N: 42,5R; 52,5N;
52,5R, and their numerical part presents minimum normalised 28-day compressive
strength. Letters L, N, and R represent the early age strength of cement. Letter R stands
for higher early age strength values, N for common values and L for low values and low
heat of hydration. Detailed required early age strength, usually after two days and
eventually after seven days (in case of slower cement), are specified in EN 197-1. [16]

New cement type CEM II/C-M is considered a potential one for the future because
of lower clinker content and the flexibility of mixing two clinker substitutors, which

13
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goes hand in hand with CO; reduction. The combination of more substitutors in Port-
land cement allows the utilisation of the advantages and reduces the disadvantages
of the used constituent. For example, blast furnace slag can modify the properties
of fly ash or limestone in Portland composite cement to reach the required compres-
sive strength development and rheology of fresh concrete. CEM II/C-M type is not com-
mon yet because its use requires changes in concrete standards in most European

countries. However, this cement is already available in certain countries. [19]

Table 1T — Simplified overview of cement types acc. EN 197-1 and EN 197-5

Stan- Number Clinker
Main type Type of sub- content Clinker substitution
dard
groups (%]
CEMI Portland cement CEMI - 95-100 no
Portland-composite cEmiA” "0 8094 one constituent pos-
CEM I cementp sible (except CEMII/A-M,
CEMII/B 9 65-79 CEMII/B-M)
CEM III/A - 35-64
cemqy | Blastfurnaceces | ey g - 20-34 blast furnace slag
ment
EN 197-1
CEM 1I/C - 5-19
CEM IV/A - 65-89 | more than one possible:
CEM IV | Pozzolanic cement silica fume, pozzolans,
CEMIV/B - 45-64 fly ash
CEM V/A - 40-64
CEMV | Composite cement blast furng;e slag +poz-
zolans / siliceous fly ash
CEM V/B - 20-38
CEM I Portland-composite CEM II/C-M . 50-64 a possible com_bmat|on
cement of two constituents
EN 197-5
CEMVI | Composite cement | CEM IV 4 35.49 | Plastfurnaceslag +one
other constituent
*Note: Except CEM II/A-D

Central Europe's most common cement types are currently CEM |, CEM Il (A-L, A-LL, B-LL,
A-S, B-S, A-M, B-M), and CEM Il , mainly used for mass concrete structures. Figure 1
shows the market share of cement types in Austria, the Czech Republic and Germany
in 2020. Austria and Germany use much less CEM I; by contrast, CEM | still predominate
in the Czech Republic. This difference is also clearly visible when comparing the aver-
age clinker factor below: [5; 6; 20; 21; 22; 19]

e Austria 70%
e (Czech Republic 79%
e (Germany 71%

14



Cement Hydration %ﬁ?

Austria == Czech Republic b Germany ==
CEM IlI Others __Others
2% ’ i CEM III\\ Others # 19%

2% 0%

Figure 1 - Market share of cement types in Austria (6], Czech Republic [21] and Germany [22] in 2020

2.2 Clinker Composition

The clinker of Portland cement consists of four main clinker minerals. Two calcium sil-
icates (CsS, C,S) play a major role in the hardening process, and two calcium aluminates
(CsA, CLAF) play a significant role in the setting process and contribute to hardening
only slightly. Clinker composition is described in table 2. [1; 23; 24]

Table 2 - Clinker minerals [23; 24]

Abbreviated Content Amount hydra-
. . Name of the mineral Chemical formula

designation [%] tion heat [kJ/kg]
GsS Tricalcium silicate (Alite) 3Ca0 . Si0z 63 500
C.S Dicalcium silicate (Belite) 2Ca0.Si02 20 260
CA Tricalcium aluminate 3Ca0 . Al20s3 8 900
C4AF Tetracalcium aluminate ferrite | 4Ca0 . Al>O3. Fe203 7 300

The remaining two per cent of clinker consists of free Ca0O, MgO, and other constituents.
The hydration heat of Portland cement (CEM I) is approximately 400 — 500 kJ/kg when
considering total hydration, which is not reachable in practice. The measurable value
at standard conditions is between 300 and 400 kJ/kg, depending on the cement
strength class. [24]

2.3 Hydration of Cement

Cement hydration is a chemically very complex and challenging process and has not
yet been fully described in scientific society. The target of the chapteris not to describe
the process in full detail but to outline which processes during hydration take place
and how they probably influence the changeable intensity of hydration heat develop-
ment. Progress of hydration reaction, related chemical processes and development
of hydration heat could be described using a heat development diagram of a particular

15
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cement type. Author of the thesis determined this diagram by an isothermal calorim-
etry test of CEM 1 42,5 R. This cement type contains a minimum of 95 % clinker accord-
ing to the standard EN 197-1. The remaining part is especially calcium sulfate (CaSo.),
which guarantees a specific time of workability after mixing cement with water. [16]

Cement hydration is generally divided into three phases: induction period, setting and
hardening. Progress of those three phases is plotted in the graph of heat development
of the mentioned cement (Figure 2).[14]

1) Induction period

Several seconds after mixing cement with water, the hydration reaction of calcium alu-
minates starts, first GGA and subsequently C,AF. Very intensive development of hydra-
tion heat comes, but it almost ceases within several minutes (Figure 2). Observed in-
tensive heat developmentis caused predominantly by quick hydration and conversion
of G3A into ettringite or generally AFt phases, alternatively C-A-H hydrates. Fast setting
and workability loss would happen without adding the setting and hardening control-
ler, CaS0,, into cement because of an absence of sulfate ions. Retarding effect of sul-
fates on the hydration of GiA is traditionally explained by the creation of the so-called
ettringite barrier, which slows down further dissolution and hydration of clinker. How-
ever, it was proved using electron microscopy that ettringite does not produce a con-
tinuous layer at the surface of the clinker. Retarding mechanism of sulfate ions is today
explained as follows. Dissolution C:A (and other minerals) does not occur evenly
on the entire surface but at certain reactive spots. If the liquid phase contains sulfate
ions, their adsorption occurs at reactive locations, and the dissolution of C3A (and hy-
dration) is significantly slowed. [14; 25; 26; 27]

Similar rapid and time-limited heat development occurs during the hydration of pure
GsS without any GsA and sulfates. Rapid inhibition of hydration is explained in that case
by slower dissolution CsS in a liquid, where calcium ion concentration increases.
It means that "the driving force" for the dissolution of C3S decreases, in contrast to the
beginning when the concentration of Ca?* in liquid is zero and the driving force of dis-
solution of C3S is high. This way of explanation is the so-called geochemical principle
because it is very similar to the speed control of the dissolution of minerals in geo-
chemical processes. Immediately after the first contact of C3S and water, fetuses of
C-S-H hydrate originate. C-S-H hydrate is well-known as a critical hydration product
responsible for strength. It does not create a compact and covering layer of grains and
does not impede the progress of hydration. [14; 25; 26; 27]

2) Setting phase

The induction period ends after 2 or 3 hours, and the setting phase comes, which is
characteristic of the transition of cement paste into a solid state of matter due to fur-
ther development of hydration reaction. Heat flow increases again, caused by the fast
hydration of C3S and transition to C-S-H. The intensive release of heat from the end
of the induction period till approximately 24 hours after mixing cement with water is
called the main hydration peak. It has not been fully proven why the induction period

16
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changes into intensive hydration. However, it is probably a continuation of the geo-
chemical principle. The possible way of interpretation is the following. There is a lack
of silicate ions at the end of the induction period but quite a lot of calcium ions. The
ratio Ca/Siis lower in C-S-H than in C35, which blocks the dissolution of C3S. If the cal-
cium and hydroxide ions concentration in the liguid reaches a certain level, portlandite
Ca(OH); starts to crystallise from the liquid. That is precisely the time when the induc-
tion period ends and intensive hydration of C5S starts, which increases heat generation.
Faster dissolution of C3S and intensive creation of C-S-H hydrates are most probably
caused by the drop in concentration of Ca?* in the liquid (because of the crystallisation
of Ca(OH),). [14; 25; 26; 27]

Induction
period Setting phase Hardening phase
“+ >a >
24 I I
27 J quliration of aluminates :
: (especially C;A) :
20 | :
18 } Beginning of?ttringite
I formation :
— 16 I I
20 I |
= 14 } I
£ | |
z 12 : :
2 10 : Formation of C-S-Hli = critical hydration product responsible for strength
: | l
. | |
. | Beginning of C,;S | Beginning of C,S Ettringite recrystallization
| hydration | hydration / => monosulfate formation
4 | slowfiown of !
2 hyqration :
| I
O 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hours]

Figure 2 - Hydration heat development of cement CEM | 42,5 R [scheme: author]

3) Hardening phase

Hydration still continues during the hardening phase, and S starts to hydrate. There
is further development change; the heat flow decreases, and hydration slows. During
the decreasing progress, ettringite recrystallises into monosulfate. This process re-
leases additional heat and is visible at the curve of heat flow (Figure 2) because of
a slight shape change. In that case, it is approximately 11 hours after mixing cement
with water when the decrease of heat flow shortly slows. Afterwards, the heat flow
of hydration heat decreases and the cement paste further matures. Decrease of heat
flow of hydration decreases and gets close to zero. That is most likely influenced by

17
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the coverage of cement grains with hydrates which reduce further dissolution and hy-
dration of clinker minerals. Forthcoming values of heat development very close to zero
do not indicate that the hydration reaction is stopped. The heat flow is just too small
to measure. The hydration heat of cementis usually monitored for seven days because
the values measured after seven days are very low and insignificant. [14; 25; 26; 27]

The following two figures provide more detailed information about hydration heat de-
velopment (Figure 3), including compressive strength development (Figure 4)
of CEM142,5R, as an example of a common cement type without additions. Hydration
heat was determined using cement paste with a water-cement ratio of 0,4, and com-
pressive strength was tested using prisms consisting of standard mortar (w-c ratio
0,5). Despite that difference in composition, the figures below can provide a good idea
about heat flow and compressive strength development. Figure 4 presents tested re-
sults (red triangles) and simplified strength development calculation (blue curve)
based on tested results. Since strength development is simplified, it is necessary to
point out that actual strength development at a very early age will be slightly different.
The first two or three megapascals' development will start earlier and be slower and
gradual.
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Figure 3 — Development of heat of hydration - CEM 42,5 R [graph: author]
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2.4 Determination of Heat of Hydration

It is evident from the previous chapter that the heat of hydration is one of the main
characteristics of cement. Its development clearly shows the progress of hydration.
The value of released hydration heat within the first seven days after mixing cement
with water is provided for a particular cement type in a technical sheet from the pro-
ducer. Knowing hydration heat value could be beneficial, for example, during concrete
mix design for mass concrete structures. In that provided example, the contribution of
hydration heat could be vital because we need to ensure that the maximum temper-
ature in the structure will not exceed a specific limit (e.g. 70°C acc. EN 13670) and guar-
antee that temperature difference will not cause thermal stress. [28]

The hydration heat of cement could be determined by one of three standardised tests:
solution method (EN 196-8), semi-adiabatic method (EN 196-9), and isothermal con-
duction calorimetry method (EN 196-11). All three methods use a specific type of cal-
orimeter (generally laboratory apparatus for heat flow monitoring). Their principle is
briefly described below. [29; 30; 31]

1) Solution method (EN 196-8)

The principle of the method is a determination of the difference in released heat be-
tween the dissolution of non-hydrated (fresh) and hydrated cement paste. A sample
of hydrated cement paste (100g of cement + 40g of water) must be prepared in ad-
vance, stored at 20°C for seven days before the test, and ground into a powder
with a maximum grain size of 0,6 mm. Dissolution of cement samples is executed us-
ing hydrofluoric acid (40%, 2600 ml) and nitric acid (2 mol/dm?3, 100 ml). The value of
the dissolving heat of both samples is determined in an adiabatic calorimeter — a ther-
mally insulated tank with a thermometer and stirrer.

The mixture of both acids is poured into the calorimeter's tank (volume approx.
650 cm?3). Then, a sample of cement for dissolution is added. Adiabatic conditions are
assumed during the test. It means that the calorimeter is supposed to be perfectly
insulated, and released dissolution heat heats only the content of the calorimeter.
The value of released heat is calculated on the basis of the increased temperature
in the calorimeter. According to Hess's law, the difference between the dissolution
heat of non-hydrated and hydrated cement corresponds to the hydration heat
of tested cement. [29]

2) Semi-adiabatic method (EN 196-9)

The semi-adiabatic method is also sometimes called Langavant's method. The princi-
ple of the method is a direct measuring of an increased temperature of the tested ce-
ment sample. A measurement is performed in semi-adiabatic conditions, meaning
the test specimen is insulated, but certain heat losses are assumed. Langavant's calo-
rimeter has two identical spaces for the sample. The first one is used for monitoring
cement mortar hydration, and the second one, reference, contains a specimen of hy-
drated cement mortar, which must be older than twelve months. The tested sample
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consists of 1575 g of standard cement mortar (acc. EN 196-1) with the following com-
position: 1350 g of CEN standard sand, 450 g of cement, and 225 g of water. The tem-
perature development is recorded after the required amount of mixed cement mortar
is inserted into a semi-adiabatic calorimeter. The heat of hydration is calculated based
on the temperature difference between hydrating and already hydrated mortar sam-
ples. [30; 32]

3) Isothermal conduction calorimetry method (EN 196-11)

The test is performed at isothermal conditions, which means that temperature is con-
stant during the whole test (e.g. 20°C acc. EN 196-11). The principle is measuring heat
flow, which is needed to keep a small amount of cement mixed with water at 20°C.
The isothermal calorimeter is more expensive than the calorimeter of Langavant, but
it provides more information which is more precise. The execution of the test is not
complicated, and a relevant result could be successfully reached if the recommended
procedure specified in the standard (EN 196-11) is kept, suitable tools are used, and
the sample is prepared carefully. The result is the hydration heat flow curve in time
(e.g. Figure 2) and total hydration heat released within seven days after mixing cement
and water. The whole method is described below in more detail because those tests
were performed with different cement and supplementary cementitious materials,
which were later used in the practical part of this thesis. Results are subsequently pre-
sented in chapter 7.1 to point out differences in the behaviour of different cement
types. [31]

2.4.1 Isothermal Conduction Calorimetry Method

The calorimeter used for the test is basically aninsulated box where constant temper-
ature is kept. A particular example could be the calorimeter TAM Air (Figure 6) pro-
duced by the company TA Instruments. This type can measure up to eight samples
in parallel because it has eight channels (measuring units). Each measuring unit con-
sists of a heat sink connected via a heat flow sensor into two chambers for samples
(Figure 5). The first chamber is used for the sample of tested cement. Reference mate-
rial of the same specific thermal capacity (e.g. ground quartz) is placed in the second
chamber. The hydration heat of the tested cement sample goes through the heat flow
sensor into the heat sink (Figure 5). This heat flow is recorded via the change of
the voltage of the tested sample's heat flow sensor compared to the reference mate-
rial's heat flow sensor. Heat flow sensors are very sensitive and can detect tiny differ-
ences. Additionally, heat is taken away quickly to ensure constant temperature and,
thus, isothermal conditions during the test. [31; 33]

The "driving force" of heat transfer is a temperature gradient. It means that minor tem-
perature differences have to take place during the test. Since those temperature dif-
ferences are insignificant and continuously compensated by the thermostat
with an accuracy of 0,2°C and less, the test could be called isothermal. [31; 34]
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Figure 5 - Scheme of the isothermal conduction calorimetry test [scheme: author]

Before starting the measurement, cement and reference sample needs to be pre-
pared. Cement is prepared into the ampoule, and a special tool, a batcher of water, is
attached (Figure 6). The special tool allows the laboratory technician to add the pre-
pared amount of water into the cement and mix cement paste in an ampoule while
the sample is placed in the calorimeter and data are recorded (Figure 5). The standard
recommends the weight of cement samples between 3 gand 10 g. The weight of sam-
ple 4 g is optimal from the execution of the test point of view. Weigh should be deter-
mined to the nearest 0,01 g. Water cement ratio 0,4 is recommended, and distilled wa-
ter should be used. The weight of the reference sample is determined to reach
the same value of the specific heat capacity as a sample of cement and water = meas-
ured sample. Ground quartz is usually used as a reference sample (Figure 6). [31]

Figure 6 - Samples + reference samples (left), Calorimeter including the samples (right) [photo: author]
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After the insertion of samples into the calorimeter, it is necessary to wait until the tem-
peratures are stable (e.g. 24 hours). Afterwards, the test can be started. Immediately
after the beginning of the measurement, water is injected into the cement using
the batcher. Cement paste is mixed directly using the stirrer. The recommended mix-
ing time, according to standard, is 60 seconds, which is long enough for properly mix-
ing cement paste with a water-cementratio of 0,4. Then, the measurement takes seven
days, and the recommended time duration is related to hydration heat flow values
of cement, which is very close to zero after seven days — approximately 0,1 —
0,01 mW/g. Data should be recorded every 30 seconds. Every measurement should be
done twice, using two cement samples; the result is the average value of hydration
heat within seven days. [31]

The result of the testis a curve of hydration heat flow [mW/g] of tested cement in time
and hydration heat released by a gram of tested cement within seven days [J/g]. [31]
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3 Concrete and Compressive Strength

The previous chapter introduced cement, one of concrete's critical constituents.
This chapter focuses on a concrete mix and particularly how to influence its early age
compressive strength development. Generally, concrete's early age compressive
strength development could be influenced by two measures:

1) Adaption of concrete mix design
2) Suitable curing of early age concrete.

The first type of measure relates to input materials, concrete mix composition and use
of admixtures. The second measure involves proper curing operations and appropriate
concrete temperature during hardening.

Before a more detailed overview of measures that can influence and improve com-
pressive strength development is shared, it is necessary to mention that compressive
strength is not the only property of concrete required. Even though this thesis is fo-
cused on compressive strength development and other properties of concrete are not
presented, it must be evident that other property requirements are also important.
An example could be the workability of concrete in any project, frost resistance in pro-
jects where exposure class XF is required or modulus of elasticity in the case of a post-
tensioned and thin structure.

3.1 Concrete Mix Design

Concrete mix design is a very complex topic, which requires lots of practical experi-
ence and cannot be performed without concrete and input materials testing.

e The first and necessary input information are basic requirements = concrete
specification (e.g. C 25/30 - XC2 - C1 0.2 - Dmax 22mm - S4), including comple-
mentary requirements, if there are some.

e Design is based on an experimentally determined relationship between con-
crete mix composition and properties of input materials.

e The basic principle of composition creation shows the equation below. Compo-
sition is always calculated for one cubic meter of concrete. [1; 35]

Veon = Vagg + Vet Vo + Vaga + Vair = 1m° )

where
Veon  Volume of concrete = 1[m?]
Va.gs  VOlume of aggregates [m?3]

Ve volume of cement [m?]

Vw volume of water, incl. admixtures [m?]
Vaea  Volume of addition, if there is any [m?3]
Vair volume of air [m?]
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Properties of produced concrete need to be checked regularly according to EN 206+A2.
[35]

3.1.1 Influences on Early Age Strength

The early age compressive strength development can be speeded up by following
measures in concrete mix design:

e Use of cement with higher clinker content and strength class

 Reduction of a water-cement ratio by effective use of suitable superplasticiser
* Increase in cement content

e Use of chloride-free hardening accelerator compatible with used cement

One of the mentioned measures is shown in Figure 7. Concrete mix C30/37 — XC2 -
Cl0,2 — Dmax 22 mm - F4 with 340 kg/m3 of CEM II/A-S 42,5 R was mixed without and
with 4% of hardening accelerator Master X-seed. Figure 7 indicates the contribution
of using a hardening accelerator in the concrete mix. Strength development at 20°C
confirms the accelerator's significant contribution, but using a pretty high dosage
of the accelerator also appreciably increases the cost of concrete mix. Curves are cal-
culated on the basis of the concrete mix calibration using the maturity method (ex-
plained in Chapter 5), and the triangles represent validation samples stored at 20°C.
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A C30/37+Accelerator: Validation samples A C30/37: Validation samples
——(30/37+Accelerator: Strength development C30/37: Strength development

Figure 7 - Compressive strength development using hardening accelerator at 20°C [graph: author]

A more detailed overview of the adaptions of concrete mix designs and theirinfluence
on compressive strength development, which are represented by a calibration curve,
are presented in the practical part (Chapter 9.3.1).
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3.1.2 Additions

Since mineral additions are increasingly used and usually influence, in most cases slow
down, compressive strength development, it is appropriate to introduce that topic
briefly. Mineral additions are used to substitute a certain amount of binder (cement) or
toincrease the proportion of fine grains in a concrete mix. Their main goal is toimprove
fresh or hardened concrete properties. Those materials are characterised by grain
sizes smaller than 0,125 mm and a big specific surface area of grains. In general, addi-
tions (e.g. slag, fly ash, limestone) used as clinker substitutions can be added
to the concrete mix at the batching plant. However, the risk of inhomogeneity is higher
than using cement with the substitutor. Standard EN 206+A2 divides additioninto inert
additions (type ) and active additions (type II). [1; 36]

Figure 8 — Cement and additions: limestone, blast furnace slag, fly ash, cement (11/B-S) [photo: author]

Inert additions are usually added to reach the closed structure of concrete or improve
fresh concrete's rheological properties. From chemical and mineralogical points
of view, they don't set or harden, nor after addition of exciter. Limestone or stone filler
belongs to this group of addition. However, according to recent studies, certain reac-
tivity of limestone can be observed, especially in the case of finner grinding. [35; 36]

Active additions actively participate and contribute to the hardening process. There
are two subgroups: pozzolanic materials and latent hydraulic. Pozzolanic materials do
not harden after mixing with water because calcium hydroxide (Ca(OH),) is needed
to activate the hydraulic behaviour of pozzolanic material. After mixing Portland ce-
ment with water, Ca(OH); is released and can react with added pozzolanic material.
Because of that, a suitable ratio between cement (at least 40 — 50% of cement) and
pozzolanic material should be kept to release a sufficient amount of calcium hydroxide
for reaction with pozzolanic material. The most used pozzolanic materials are fly ash
and silica fume. The most used latent hydraulic material is blast furnace slag. It con-
tains a higher amount of calcium and can harden without additional Ca(OH),, but
the reaction is very slow. Calcium hydroxide released during the Portland cement re-
action acts as a catalyst and can accelerate the hardening process of slag. [1; 36]
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The content of used active mineral addition (type Il) in the concrete mix is considered
in calculating the water-cement ratio via k-value. K-value and maximum dosage,
which can be included in the calculation, depend on the cement type and type of ad-
dition. The calculation concept is described in detail in EN 206+A2 and is usually also
adapted to local standards (e.g. CSN P 73 2404, ONORM B 4710-1). [35; 36; 37; 38]

Besides the additions described below, some other ones are also sometimes used
in concrete (e.g. natural pozzolana, burnt shale, metakaolin, stone filler). For a more
straightforward comparison of cement with mineral additions specified in the sub-
chapters below, some physical properties of cement follow below. The grain size of ce-
ment is usually approximately 1 to 250 pym, and the specific surface area is within
the range of 250 — 400 m?/kg. The bigger the specific surface area is, the faster and
more complete the hydration is. The minimum value is 225 m?/kg, and the maximum
recommended value is 600 m?/kg. However, finer cement requires more water and
evinces more significant shrinkage. [23]

3.1.3Fly ash

e (GCrainsize:5-150 um
* Specific surface area: 200 — 600 m?/kg

Fly ashis a by-product of thermal power plants produced during powder coal burning.
It could have variable chemical, mineralogical and granulometric properties based
on the type of burned coal, location, burning and separating process. Fly ash originat-
ing from black coal has more stable properties and is more suitable for use in concrete
than the one which comes from brown coal. The use of fly ash in the concrete industry
is beneficial from an environmental point of view because of the utilisation of thermal
plant waste. Fly ash consists mainly of SiO, (approx. 45%) and ALOs (approx. 30%).
It can improve the rheological properties of fresh concrete and the resistance of con-
crete exposed to a chemically aggressive environment. Substitution of fly ash for ce-
ment results in lower heat of hydration, slower early age compressive strength, and
lower 28-day strength value. However, the increase of compressive strength between
the 28™ day and the 90" day can be slightly higher compared to reference concrete.
[1; 23; 36]

Fly ash was a cheap and easily available material in the past. It changed in the mean-
while into sought-after and well-tradeable material. Unavailability of fly ash could be
expected in 20 to 30 years because of strategy in the energy industry, where renewa-
ble sources of energy are supposed to be increased, and thermal power plants closed.
The last significant influence of fly ash quality was the launching of SCR (selective cat-
alytic reduction of nitrogen oxide) and SNRC (selective non-catalytic reduction of ni-
trogen oxide). Those technologies are implemented in the combustion system of ther-
mal power plants and heating plants to reduce emissions of nitrogen oxide (NOx).
The principle of this technology is an injection of urea solution or ammonia water into
a fire chamber, and a reaction between ammonia and nitrogen oxide takes place and
results in nitrogen and water. Unfortunately, combustion products (fly ash) can contain
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remains of ammonium salts after the reaction. If this kind of fly ash is used in the con-
crete, thereis arisk of releasing toxicammonium gas from the concrete building struc-
ture. This topic is recently often discussed and investigated. The second effect of SCR
or SNCR is the change in morphology and granulometry because of thermal stress,
which takes place during the injection of ammonia water into a hot fire chamber.
The ammonia water temperature is similar to the ambient temperature, but the fire
chamber reaches between 900°C — 1100°C. Those morphology and granulometry
changes can decrease fly ash's effectiveness and the fluidity and workability of fresh
concrete. Using suitable concrete admixtures can solve the problems, but the previ-
ously mentioned toxic ammonium gas issue does not have a simple solution. [39]

3.1.4Slag

e (Grainsize:05-50um
* Specific surface area: 350 — 450 m?/kg

Slagis a by-product ofiron productionin blast furnaces. It can evince variable chemical
composition and consist mainly of CaO (30 — 50%), Si0, (30 — 43%), and Al,03 (5 — 18%).
As mentioned, slag as such can harden in the water but very slowly and added calcium
can accelerate the reaction. A small amount of Portland cement added (which means
a small amount of calcium released during the reaction) can accelerate the hardening
process of slag. That allows a wide mixing range of ratios between Portland cement
and slag. However, the properties and development of hydration reaction will be very
different when talking, for example, about 20% or 90% slag substitution for cement.
[1; 36]

Blue-green colouration of a concrete structure can occur after removing the formwork
if slag (or blast-furnace cement) is used in the concrete. This colouration disappears
soon if the concrete is exposed to the air. The use of slag is economically very effective
for CO, reduction because of the efficient substitution of Portland cement. However,
this measure loses its sustainability potential if the CO; released during iron and steel
production is also considered. However, another positive aspect is the use of waste
from the steel industry. Due to the CO, reduction strategies in the steel industry,
the unavailability could be expected in 10 or 15 years [19]

3.1.5 Silica fume

e Grainsize:0,1 =1 pum
* Specific surface area: 15 000 — 25 000 m?/kg

Silica fume s a by-product of silicon or ferrosilicon production in an electric arc furnace.
Because of its fineness, it can fill the gaps between cement grains, react more effec-
tively, and improve compressive strength in the transit zone and at the surface of ag-
gregates. It contains 90% - 98% of amorphous SiO,. Pozzolanic reaction decreases pH
in concrete (Si02 + Ca(OH)2 -> CSH). Therefore, the dosage of silica fume, which can be
added to the concrete mix, is limited (acc. EN197-1 11%) to avoid the decrease of pH
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below 11,5 and to avoid ineffective protection of reinforcement. Silica fume improves
fresh concrete properties, especially preventing bleeding and facilitating pumpability.
Silica fume contributes to faster alit (C3S) hydration, and initial hydration heat flow is
increased because of the presence of active SiO,. In the case of hardened concrete, it
contributes to a more solid structure, enhances the resistance of concrete exposed to
a chemically aggressive environment, and the resistance to shrinkage and cracks.
The price of silica fume is much higherin comparison to other additions, and its use is
usually justifiable only in special applications (e.g. HPC and UHPC with compressive
strength above 100 Mpa). [1; 2; 23; 36]

3.1.6 Limestone

Limestone is a mineral filler produced by grinding crushed limestone. It has to contain
more than 75% of CaCOs. However, the mineralogical composition of limestone
from different quarries can vary greatly, and those variations can also occur within one
quarry. Due to the simple execution of grinding, it can be ground into very fine grains,
which can make the cement structure more solid. Standard EN 206+A2 specifies lime-
stone as inert addition (type 1), which means that limestone does not contribute to hy-
dration and acts as filler only. However, finely ground limestone does not act as filler
only. It (at least a small amount of added) also takes part in hydration reactions, espe-
cially in the hydration of G5A. It can slightly speed up at a very early age, but the hydra-
tion is slower on a long-term basis. The use of [imestone as an addition in concrete
mixes with higher requirements of exposure classes is not recommended. [19; 36]

3.1.7 Other additions

The research work in concrete additions and supplementary cementitious materials is
growing. It belongs to one of the most promising fields of activity regarding the future
carbon emissions reduction in the concrete industry. The research initiatives are also
caused by the lack of today's additions forecasted for the future. Materials potentially
used in future concrete mixes could be natural pozzolans (e.g. volcanic materials), en-
ergy ashes (e.g. biochar), calcined clay and others. However, the potential of calcined
clay is more likely at the level of cement production than concrete production because
of the necessary sulfate balance in the concrete. That concept of cement is known
as LC® — limestone calcined clay cement. [40]

3.2 Curing

When the right concrete mix for a concrete structure is chosen and fulfils all the re-
quirements, the next important step is appropriate mixing at the batching plant and
pouring concrete on the construction site. As soon as the concrete structure is poured,
it is necessary to ensure proper concrete curing, which always depends on weather
conditions, the type of concrete mix and the type of structure. Concrete curing should
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always ensure suitable conditions for the setting and hardening process, which pre-
vents water evaporation and provides the appropriate concrete temperature.

3.2.1 Moisture of Concrete

Excessive water evaporation from concrete after placing the concrete can negatively
influence cement hydration and concrete quality. It can affect final concrete proper-
ties, including its compressive strength. The surface layer can especially achieve worse
homogeneity and reduce the lifetime of the whole structure. This layer is critical be-
cause of concrete durability and reinforcement protection. [1]

Proper curing and avoiding water evaporation are also essential because of shrinkage
reduction. Excessive shrinkage can cause tensile stresses in the concrete elements.
If the tensile tension is higher than the current tensile strength of concrete, it results
in cracks. Cracks allow aggressive liquids to penetrate the structure, and contributing
to reinforcement corrosion and concrete degradation. [1]

There are two types of curing to prevent water evaporation and the above-discussed
problems: curing by using water or membrane. The curing time depends on ambient
conditions and concrete mix composition. Water curing could be spraying the water
on the structure or covering the surface with a wet mat, which is regularly moisturised.
Curing with impermeable membranes could be divided into two categories: covering
the concrete with plastic film orusing a chemical spray, which creates a thin temporary
membrane and prevent water evaporation. [1]

Neglecting concrete curing can significantly negatively impact the compressive
strength of concrete, especially during summer concreting when the temperature is
high, and water evaporation takes place much faster because of the higher capacity
of saturated air.

3.2.2 Concrete Temperature Limits

The concrete temperature during the setting and hardening process is a crucial pa-
rameter that significantly influences the development of hydration reaction and com-
pressive strength development. The higher the concrete temperature is, the faster
the compressive strength increases. If the temperature is too high, it can slightly de-
crease the compressive strength at a later age, compared to reference hardening
at 20°C. Moreover, two essential limits need to be kept: [41]

» Exceeding the maximum concrete temperature of 70°C (acc. EN 13670) should
be avoided to prevent delayed ettringite formation, which can result in cracks.
e The second necessary limit related to concrete quality, especially in massive
concrete structures, is the temperature difference within the casting step, usu-
ally limited to 20°C — 25°C (limit depends on local standards or guidelines).
In a simplified way, it is a temperature difference between the warmest and
coldest locations of the concrete structure or casting step. If a higher tempera-
ture difference occurs, it leads to the development of thermal stresses, and if
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the thermal stress exceeds the current tensile strength, it results in thermal
cracks. In some cases, the limit is specified more strictly as a maximum tem-
perature gradient, which means a temperature difference per meter of con-
crete layer.

However, the negative impact on concrete quality is usually eliminated if the temper-
ature is kept within a reasonable range, preferably 10°C — 40°C. [1]

Lower temperature limits are also critical because if the concrete temperature during
hardening decreases under 5°C, the hydration of cement is significantly slowed down.
If the concrete temperature drops under 0°C, hydration is stopped, and a risk of irre-
versible damage is imminent to concrete due to the expansion of water in the pores.
Fresh concrete temperature measured during delivery on the construction site should
not be lower than 5°C (acc. EN 13670). This temperature limit is usually more strictly
specified in local standards or guidelines of each country, e.g. 10°C. After pouring
the concrete into the structure, the surface concrete temperature should not decrease
under 0°C until a minimum compressive strength of 5 MPa is reached. Those limits
come from European standard EN 13670. Regulations mentioned in American stand-
ard ACI306 are very similar, but the minimum compressive strength is stated
as 500 psi, corresponding with 3,5 MPa. Generally, keeping the concrete temperature
at a minimum of 5°C before it reaches 5 MPa is recommended. Minimum compressive
strength also depends on the type of structure, its geometry, exposure class and com-
pressive strength class. A specific requirement can be stated in the project documen-
tation. For the ability of freeze-thaw resistance of concrete without any negative im-
pact on future concrete properties, a minimum strength of 15 MPa is recommended.
[41; 42; 43]

Lower temperature limits are always related to winter concreting, and it relates
to slower compressive strength development, which represents one of the crucial
challenges on the construction site. Because of that, the next chapter introduces dif-
ferent practical measures for ensuring sufficient curing temperature in the winter, se-
curing adequate compressing strength development, and avoiding frost damage
to the concrete.

The upper-temperature limits need to be checked and maintained during the execu-
tion of massive concrete structures. It is a separate topic which usually requires suita-
ble concrete mix design, temperature monitoring or even cooling and additional
measures (e.g. keeping the formwork on the structure longer). Since the topic is not
directly related to the subject of this thesis, it will not be further described.

3.2.3 Measures for Ensuring Sufficient Curing Temperature

If the ambient temperature drops under 5°C during the execution of concrete struc-
tures, it is usually considered as winter concreting. If the temperature is not signifi-
cantly below 0°C, the sufficient measure could be just thermal insulation of form-
work/concrete. Insulation reduces concrete's heat loss, and the hydration reaction's
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heat is kept more efficiently in the concrete. Deliberation, if the insulation of concrete
is effective enough, needs to consider the necessary time for concrete protection, am-
bient temperature, concrete mix design, and structure dimensions. Small structures
with a low volume ratio to a surface can be insulated problematically and inefficiently.
If the insulation measure is not sufficient for keeping a suitable concrete temperature,
it is necessary to heat the concrete or its close surroundings. The following text pre-
sents several solutions for keeping appropriate concrete temperature during harden-
ing on the construction site. Some solutions are complemented by the author's own
measurements.

1) Thermally insulated formwork

The first example describes the insulation of frame formwork. Filling the space be-
tween the steel frame with 80 mm thick thermal insulation reduces the panel's ther-
mal transmittance L [W/K] to approximately one-half. Achievement of lower thermal
transmittance is limited significantly because of the steel frame with very high thermal
conductivity (A = 50 W/(m.K)), which is approximately a thousand times higher com-
pared to the thermal conductivity of expanded polystyrene (A = 0,04 W/(m.K)). Alt-
hough this measure does not seem very effective from a thermal physics point of view,
itis successfully used on construction sites across Scandinavian countries and can be
sufficient during mild-frosty weather, especially in combination with increased fresh
concrete temperature. A primary advantage of this solution is its simplicity. Thermal
insulation is usually inserted into the gaps between the steel at the beginning
of the project. Panels are used with the insulation during the project execution, and
only minor adaptions are alternatively done during the assembling and disassembling
the formwork. Figure 9 on the left shows an example of insulated frame formwork
Framax in Sweden.

‘‘‘
o

Figure 9 — Insulation of wall formwork (left), Heating of concrete with disposable cables (right) [Photo: R.
Bjérkman, I. Beliatskli]

2) Electric heating with disposable cables

The second example is heating the structure with disposable cables. It is a simple so-
lution, requiring a suitable power supply, a disposable heating cable, and additional
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time for fixing the cable on the reinforcement. It is necessary to be careful during
the connection of the electric circuit because it is usually done directly on the con-
struction site. The disposable heating cable attached to the reinforcement is visible
in Figure 9 (on the right), which was taken at the construction site in Poland.

3) Warme-air heating of slab formwork

Figure 10 - Covered window openings of the heated storey (left), finishing of concrete works in Finland
(right) [Photo: author]

The third example shows the heating of the storey under the hardening slab structure
by gas heating appliances placed on the floor below. To ensure at least partial effi-
ciency of the solution, it is necessary to significantly reduce the air exchange between
the heated storey and the exterior or other parts of the building. A standard solution is
the placement of canvas into windows (Figure 10 - left). The second important meas-
ure is covering the hardening slab to reduce the heat loss from the slab's surface and
protect it against frost. That can be ensured after pouring by covering the concrete
surface with a polyethene foam blanket of thickness one to two centimetres, which is
commonly used for that purpose.

Figure 11 presents ambient and concrete temperature development while using this
solution in Finland during the early spring. Concrete pouring was done according
to the planned schedule on Friday afternoon. Since the construction site was closed
during the weekend, the time was used for concrete hardening. The rapid increase
in temperature developmentis visible at the very beginning of the measurement while
the concrete was poured into the formwork. The fresh concrete temperature after de-
livery was 21°C. The temperature of the heated storey below the hardening slab was
measured at two locations (close to the floor and below the slab formwork). The tem-
perature curve of those two measuring points demonstrates very well the temperature
stratification of the air along the room's height. Due to the sunny weather, the influ-
ence of sunshine on concrete temperature close to the upper surface is visible in Fig-
ure 11. The ambient temperature reached a maximum temperature of 5°C during
the day. Unfortunately, the presented curve was recorded by the temperature sensor,
which was exposed directly to the sunshine. Gas heating and covering of the harden-
ing concrete helped to keep the concrete temperature between 16°C and 33°C during
the first three days when the ambient temperature varied between 0°C and 5°C.
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Figure 11 - Temperature development during the use of gas heating in Finland [graph: author]

4) Heated frame formwork

Figure 12 — Heated formwork in use (left), concrete pouring into the heated formwork in Finland (right)
[Photo: author]

The fourth example presents a heated wall-framed formwork solution. This solution
could be used primarily in Nordic countries, where temperatures below 0°C can last
from October to April. This specific example comes from Finland, where this particular
formwork system Framax Xlife Plus Thermo, is used. The system consists of framed
standard formwork Framax Xlife Plus, an additional heated insulated frame (attached
on the back side of the Framax panel) and a power supply plugged into electricity.
The system could be used and moved by crane, for example, as a set of three panels
(2,7 x2,7m) assembled next to each other (Figure 12). Panels are also available
inthe size of 1,35x 2,7 m and 0,6 x 2,7 m. Every three heated panels need to be con-
nected to one power supply unit (white box — Figure 12), which includes the steering
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device of the heating. Heated panels work on the principle of electric resistance heat-
ing. Figure 12 shows the heated formwork solution on the construction site in Finland
close to city Oulu.

This formwork solution aims to keep one day cycle time during reinforced concrete
wall execution. Stripping the wall is not crucial from a statical point of view, and suffi-
cient concrete strength forremoving the formwork is 5 MPa. Executing those structures
within one day is very convenient for the schedule. Steel reinforcement of the wall is
usually completed in the morning, formwork is prepared shortly before lunchtime, and
after lunch, concrete is poured. The wall formwork is removed the following morning,
approximately after seventeen hours.

Figure 13 presents a measurement of concrete temperature and compressive strength
in the wall (Figure 12) with a thickness of 150 mm. Three measuring sensors were in-
stalled in the middle of the wall thickness. The first temperature sensor was located
35 cm from the bottom, the second sensor was placed in the middle of the wall height,
and the third one was installed 25 cm from the top. The time of the pouring is indicated
with "0" in Figure 13. A rough calibration curve of the used concrete mix C28/35 was
developed to estimate compressive strength via the maturity method. (Note: C28/35
is not a standard strength class in all countries but is usually used in ltaly or Nether-
lands.) The determined safety factor of maturity calculation was 3,2 MPa. It means that
values of compressive strength development are decreased by 3,2 MPa. The ambient
temperature was close to 0°C during the whole measurement. The compressive
strength at all measured locations was sufficient for removing the formwork (= 5 Mpa)
the following morning, more precisely after 17 hours from pouring.
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Figure 13 - Temperature and compressive strength development while using heated formwork [graph:
author]
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After stripping the formwork, covering the wall, e.g. with a polyethene foam blanket, is
crucial to slow down the structure's cooling. This structure protection is important re-
garding concrete quality but is usually forgotten or not executed.

3.2.4 Construction joint

Concerning cold weather concreting, the construction jointis a difficult part of a struc-
ture, which can not be very efficiently protected against low temperatures.

The lowest temperature is generally at the bottom part of the executed wall, where
the fresh or early-age concrete of the wall is in touch with cold hardened concrete
of the slab — it is a pretty big amount of cold material (concrete) with high thermal
capacity. That conducts the heat out of the executing structure quite intensively.
If the pouring is executed at a very low temperature, a heated disposable cable is usu-
ally placed on the construction joint to heat the concrete close to the joint and avoid
the low temperature of hardening concrete.

Another tricky part of the structure could be a corner of the wall. There is no heated
formwork system, which consists of heated corner elements. In presented project
with heated formwork, corners were executed using reinforcement continuity systems
("feroboxes").
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4 Compressive Strength Determination

Since compressive strength is one of concrete's critical properties, there are many
methods for its determination. During construction, estimating early-age compressive
strength could be beneficial for shortening the cycle times or optimising the construc-
tion processes. Later on, the compressive strength of hardened concrete is relevant
to the proper operation of the structure. However, it is vital to focus on the method's
reliability and accuracy of determined strength value to keep the execution of the con-
struction safe. Several destructive and non-destructive methods for compressive
strength determination are used in construction practice. The following chapters de-
scribe those methods in detail, including the suitability of the application.

4.1 Destructive testing

The destructive methods measure investigated property (compressive strength)
of the concrete directly. As the title indicates, the sample of concrete is irretrievably
damaged. Destructive methods include testing the created sample or drilled cores
in the compressive strength testing machine (a press).

4.1.1 Sampling

Testing of concrete samples in a compressive strength testing machine belongs
to the most often used test for proving or verifying early-age or later-age compressive
strength. The principle of the testis loading the test sample (usually a cube or cylinder)
in the testing machine until the specimen is damaged. Compressive strength is calcu-
lated based on maximum load, which means maximum loading force right be-
fore the damage of the sample. For getting relevant information about the compres-
sive strength of a material, it is vital to focus on the proper creation of test samples,
curing of test samples, and execution of the test. [44]

The sampling is usually done at the concrete plant, construction site, or laboratory. Be-
fore the sampling, the batch of concrete used for sampling needs to be at least
1,5 times the estimated volume for testing samples. The sample of the material should
be batched following the recommendation in EN 12350-1. Subsequently, concrete is
filled into the moulds, which should have an inner surface treated with a release agent.
Standard EN 12350-1 introduces four manners of concrete sample compaction (small
vibrating needle, vibrating table, steel tamping rod, wooden tamper) and a vibrating
table and steel tamping rod are mainly used. Filling the mould in two layers is recom-
mended if the vibrating table is available and used. If the vibrating table is not availa-
ble, a tamping rod is usually used (Figure 14, right) with a diameter of 16 mm and
a length of 600 mm. Filling of mould is then recommended in three layers, and every
layeris compacted with evenly distributed 25 strikes of the tamping rod. Tightly hitting
the mould's sides with a rubber mallet after compaction of every layer makes bigger
air pores escape from the concrete. Excess concrete is removed using a trowel, and
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the surface of the concrete level is finished with the top of the mould. The last step is
putting on the mould cover to prevent concrete dehydration. [45; 46]
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Figure 14 - Cube sampling on the construction site [photo: author]

The curing of the samples should be executed according to EN 12390-2. Samples
should be stored in a closed mould for at least 16 hours but no longer than three days
at 20°C £5°C. Samples should not be exposed to any vibration to avoid the segregation
of aggregates of recently poured concrete or microcracks during the beginning
of the setting. After the demolding, which means the latest three days after creation,
samples should be cured in the water or at high humidity >95% at a temperature
of 20°C £2°C. [46]

Before the testing, a specimen is taken out of a water bath or room with high humidity.
Asample is weighted, and its dimensions are measured. In the case of the determina-
tion of density, a sample is weighted underwater as well. After wiping the water from
the surface, a specimen can be put into the compressive strength testing machine,
and the test can be started. The loading pace should be 0,6 0,2 Mpa/s (13,5 kN/s)
in conformity with EN 12390-3. As already indicated, compressive strength is calcu-
lated based on the maximal force loading the sample's surface (22500 mm?in the case
of standard cubes) before the damage of the material. The tested value of compressive
strength is rounded to 0,1 MPa. [44; 46]

Plastic moulds, especially the cheaper ones, can have bulged surfaces after a specific
time of regular use. It can be caused by using air pressure for the demoulding
of the specimen. It is recommended to check the condition of the moulds from time
to time. Bulged mould influences the shape of a specimen, and it could affect the com-
pressive strength result as well. If the surface of a sample is bulged, it can decrease
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the surface in touch with a testing machine, and by that tested compressive strength
value can be lower than the actual one.

If the rules and recommendations mentioned above are kept, a great advantage of this
method is its accuracy. However, the measured value is valid for a tested sample and
can't be the same as the compressive strength of the structure because the curing
conditions, such as temperature and humidity, are different.

1) Influence of curing temperature

The following small author's experiment illustrates the influence of temperature
on early-age compressive strength and points out that the cube's compressive
strength does not always represent the strength of the structure. A small test consists
of compressive strength monitoring of three cubes sampled on the construction site
and strength monitoring of the concrete slab. The cubes were stored in the office at ap-
prox. 19°C, and the slab was exposed to ambient conditions approx. 6°C. Both cubes
and slab were monitored using the maturity method with a calibration curve
of the used concrete mix (detailed description of the method in Chapter 5). In addition
to non-destructive concrete monitoring, cubes were destructively tested after approx-
imately four days.
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Figure 15 - The influence of curing temperature on compressive strength (cube vs. slab) [graph: author]

Figure 15 presents temperature and strength development. At the time of testing,
the non-destructively determined strength of cubes was 21 MPa, and the destructively
tested average result was 23,2MPa. The deviation between both methods is
within the safety factor (described in Chapter 5.2.1). At the same time, the non-de-
structively determined strength of a concrete slab was only 13 MPa, which is a signifi-
cantly lower value due to the slower hydration process at low temperatures. However,
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itis important to emphasise that the pouring was during winter, and a significant de-
viation between the sample and structure affected by low temperature was expected.

This example presented in Figure 15 is related to early-age compressive strength.
The influence of curing temperature can also be observed at 28-day, 56-day, or 90-day
strength, but the effect is almost the opposite. If the concrete in the structure matures
at significantly higher temperatures than 20°C, e.g. 50°C, a slightly lower value is ex-
pected at a later age than in the case of sample cured at 20°C. Also, lower tempera-
tures, e.g. 10°C, can slightly improve the strength at a later age. [1]

2) Influence of humidity conditions

Different humidity conditions can also cause variations in the compressive strength
between samples and structures. The following small author's test illustrates the in-
fluence of humidity conditions on 28-day compressive strength. Six cube specimens
of ready-mix concrete C25/30 — XC2 — Dmax16 — S4 were created and adequately
compacted. All cubes were demoulded after 24 hours and cured at two different con-
ditions. Three samples were stored in a water bath at 20°C, and another three pieces
were exposed to air in a room with relatively low humidity and temperature of 20°C.
Table 3 presents the results. Specimens cured in a water bath evinced significantly
higher strength than samples exposed to low humidity, and the average difference
between differently cured samples was 7,5 MPa. It confirms that in the case of insuffi-
cient moisture curing of concrete on the construction site, it could be a difference be-
tween the sample's compressive strength and the structure's compressive strength.
However, it is crucial to mention that the advantage of a structure is a better ratio be-
tween the volume and surface compared to the cube sample. This fact slightly helps
slow the water evaporation and keeps the water in a structure for a better hydration
reaction in comparison with a cube sample.

Table 3 - Comparison of 28-day samples cured at different conditions

Curin Compressive Average
No. . .g Weight [kg] P compressive | Difference [MPa]
conditions strength [MPa]
strength [MPa]
1 7,494 32,9
2 20°C, RH = 40% 7,461 34,4 33,1
3 7,393 32,1
7,5
4 7,831 40,1
5 20°C, water bath 7,930 41,2 40,7
6 7,818 40,7

Determination of early and later-age compressive strength using cubes or cylinders is
the most common method of testing. The test can provide exact results if the sample
is appropriately poured, compacted, cured and tested. During the interpretation
of the test results, it is necessary to consider that early-age samples usually mature
at different conditions than concrete in the structure. Compared with non-destructive
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testing, the method requires more effort because of sampling, transport of the sam-
ples, storage and testing. A significant advantage of the method compared to non-
destructive testing is full acceptance by authorities during the project execution.
A good example could be the state-owned companies which administrate the execu-
tion of infrastructure projects in the whole country (such as the Road and Motorway
Directorate in the Czech Republic, the National Motorway Company in Slovakia, or
the National Infrastructure Developer in Hungary). Those authorities usually do not ac-
cept any non-destructive testing method during project execution.
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Figure 16 - Compressive strength test (left), structure after cores drilling (right) [photo: author]

4.1.2 Drilled Cores

If the concrete in the structure needs to be destructively tested, core drilling is a suit-
able method for this investigation. The core cylinder is drilled and tested as a typical
specimen in the compressive strength testing machine. The technique is not com-
monly used for early-age compressive strength testing during project execution due
to its labour intensity. The whole testing process requires a lot of effort and manual
work, especially transporting the drilling machine and its assembly and drilling
of the concrete core on the construction site. Additionally, both surfaces in touch
with the compressive strength testing machine must be perfectly flat. Both bases
of the cylinder need to be brushed or levelled using a sulphuric solution. The further
disadvantage could also be the hole in the structure (Figure 16, right), which needs to
be filled with other material. If the test is correctly executed, the result is exact and
representative of the concrete structure. The most common use is verifying existing
old structures' compressive strength, e.g. before reconstruction or extension.

4.1.3 Samples in the structure

The principle is the creation of a sample which is stored in the structure, e.g. cylinder
cast and stored in the slab. Since the concrete specimen is exposed to the same con-
ditions as the structure, this method could provide the compressive strength value,
which is very similar to the strength of the structure. The technique is not common
in Europe, but it is well-known in the USA or Canada and described by standard
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ASTM (C873. There are also disposable plastic moulds made particularly for this pur-
pose, inserting in the structure and easily removing a sample before testing. Testing
of compressive strength is the same as testing of regular samples. [47]

4.2 Non-destructive testing

While the destructive method determines compressive strength directly, non-destruc-
tive methods determine compressive strength by measuring other properties con-
verted via a regression relationship into compressive strength. The damage to a struc-
ture or a concrete sample using non-destructive testing is zero or negligible. An ex-
ample of minor damage caused by a rebound hammer could be a plunger's imprint
on the structure’'s surface. The most common non-destructive methods are surface
hardness, ultrasonic, and maturity methods. [48]

4.2.1 Rebound Hammer

The term surface hardness method became a synonym for using a rebound (Schmidt)
hammer. A rebound hammeris used quite often for the determination of compressive
strength because of the simple process of its use. The principle is an estimation
of compressive strength based on a hardness indicator. Predecessors of the rebound
hammer were different types of penetrations tests which consisted of driving specific
objects with defined shapes into the concrete using defined force. An interesting ex-
ample could be one of the first methods introduced by the Soviet professor Skram-
tajev. He used to shoot with a revolver "Nagant” at the structure from an eight-meter
distance. Afterwards, he calculated the volume of the idealized cone created
by the bullet in the concrete and converted the determined volume via regression re-
lationship on the compressive strength of the concrete. [48; 49]

The first type of rebound hammer was developed by Swiss engineer Ernst Schmidt
in about 1950. Swiss company “Proseq”, founded in 1954, traditionally offers the most
extensive range of rebound hammers. Offered rebound hammers differ in the me-
chanical structure, size, and energy of executed impact. [4; 49]
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Figure 17 - Scheme of ordinary rebound hammer Schmidt N [scheme: author]

The most widespread rebound hammer for regular use is still Schmidt N, with an ana-
logical scale of rebound value. The structure of this type of hammer hasn” t almost
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changed since 1965. According to the producer's information, the range of use is
from 10 MPa to 70 MPa of cube compressive strength. The energy of the impact is ap-
proximately 2,25 J. The principle of hardness determination consists of measuring re-
bound, particularly the length of a hammer mass's return path, which is displayed
on the scale of a hammer. Figure 17 presents a scheme of a standard rebound hammer
Schmidt N. [48; 49]

Today's alternative to the hammer Schmidt N is the digital hammer SilverSchmidt
with a range of use from 10 MPa to 100 MPa. The principle of measuring is slightly dif-
ferent, and it is based on the rebound coefficient "Q", which is acquired by measuring
the velocity impact and rebound immediately before and after impact. The rebound
coefficientis calculated as rebound velocity divided by input velocity expressed in per-
centages. The device uses optical sensors for measuring the velocity and shows the re-
bound coefficient value on the device's display. The rebound coefficient is independ-
ent of impact direction compared to the simple rebound value measured
by Schnmid N, which needs to be adjusted (Figure 75) due to gravity. If the very early-
age compressive strength needs to be determined, the suitable hammer can be Sil-
verSchmidt L with a mushroom plunger, which allows the determination of compres-
sive strength within the range of 10 MPa to 30 MPa. Figure 18 shows the rebound ham-
mer Schmidt N, SilverSchmidt N, and SilverSchmidt L with the mushroom plunger.
[48; 50; 51]
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Figure 18 - Schmidt N, SilverSchmidt N, SilverSchmidt L with mushroom plunger [photo: author], testing
anvil [51]

A regression relationship between the hardness indicator and compressive strength
needs to be used to determine compressive strength. Some general relationships are
available in the literature, or the regression relationship could be determined experi-
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mentally for specific concrete mix designs. Because this method is very often consid-
ered the main competitor of the maturity method, more details related to measuring
with Schmidt hammer and regression relationships are provided in Appendix 1.

Determination of compressive strength by rebound hammer can provide reliable re-
sults if the whole measurement is executed correctly and a suitable regression rela-
tionship is used. The most accurate results can be obtained if the regression relation-
ship is determined for the used concrete mix design (note: this is not possible
in the case of testing old existing structures, but that is not the topic of this thesis).
The technician who works with the rebound hammer should be trained forit and know
the principles of the tests and evaluation. It is also crucial to check the smoothness
of the tested surface to reduce the deviations caused by the bumpiness of the surface.

The wrong procedure of execution could provide significantly inaccurate results.
An example could be the use of SilverSchmidt L with the mushroom plunger.
In the case of this rebound hammer, the perpendicular position to the tested surface
is essential because slight deflection can influence the accuracy of the result. [50; 53]

4.2.2 Ultrasonic method

The ultrasonic pulse velocity method is usually used to determine concrete quality or
its physical-mechanical properties. The principle is based on measuring the ultrasonic
pulse velocity through the tested material, which depends on the quality of the tested
material. In the case of sufficient concrete quality, the ultrasonic velocity is higher
(> 4000 m/s). Contrarily, the ultrasonic velocity in low-quality concrete is lower
(< 3000 m/s). The method is very convenient for determining the modulus of elasticity
or uniformity of concrete because the ultrasonic pulse velocity in a material is affected
by the modulus of elasticity and compactness of concrete. In practice, the method is
useful for inspecting old existing structures or determining the modulus of elasticity
in laboratory conditions. [48]

Probe (transmitter)  Tested sample Probe (receiver)

Acoustic coupling agent

s b

Figure 19 - Ultrasonic instrument - scheme and picture [picture: author]

The method is described in the standard EN 12504-4. The ultrasonic instrument con-
sists of a portable testing unit and two probes, one for transmitting and one for receiv-
ing the ultrasonic pulse (Figure 19). Complete contact of the probes with a testing sam-
ple or structure is assured by an acoustic coupling agent (plasticine or gel). It prevents
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an air pocket between the probe and the concrete surface and the following errors
in measured transit time. All the measured values need to be adjusted because
the time when the ultrasonic pulse goes through the acoustic coupling agent (or even-
tually the structure of probes) should be subtracted. This so-called dead time is deter-
mined via the calibration rod with a known time characteristic - the glass cylinder
in Figure 19. If the plasticine layeris exchanged or significantly deformed and the layer
is thinner, the dead time should be determined again. Commercial portable devices
allow the determination of dead time before the measurement. Later, they automati-
cally adjust all measured values. [4; 48; 56]

Regression relationships for estimating compressive strength based on ultrasonic
pulse velocity vary with the concrete mix composition and can evince certain inaccu-
racies. The measurement of ultrasonic pulse velocity is also sensitive to the moisture
of the material. The presence of reinforcement should always be considered because
the influence on ultrasonic velocity can be significant, mainly if the steel bar lies
in the direction of the measurement. Using this method and gaining reliable estima-
tions of compressive strength can be very problematic on the construction site due
to the effects which can occur. Measurements with portable ultrasonic devices require
a trained technician to adjust the device before use and correctly perform the meas-
urements. [48]

4.2.3 Other non-destructive methods

There are also some other methods which are not used that often. One example could
be different types of penetration-resistant techniques, which are considered more as
predecessors of rebound hammers. Anotherexample can be the so-called pullout test.
The test principle is pulling out of a steel bar with widened parts poured into the con-
crete. Current compressive strength is estimated based on the pullout force. [4]

The maturity method, which plays a significant role in this thesis, is described in the fol-
lowing chapter in more detail.
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5 Maturity Method

Maturity methods for estimating the compressive strength of early-age concrete are
known since the 1950s and are accepted in international standards (EN 13670:;
ONORM B 4710-1; DIN 1045-3). The maturity is generally described by equation (3).
The method uses a simple principle of the relationship between compressive strength
and temperature history. The compressive strength of concrete is directly proportional
to concrete age and temperature history of concrete. The primary prerequisite as-
sumes that samples of the same concrete mix of the same maturity have similar com-
pressive strength values, independently of an arrangement of temperature at the time.
Figure 20 illustrates the claim above and shows the main principle. [3; 38; 41; 57]
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Figure 20 - Principle of maturity method [scheme: author]

Before using the maturity method, it is necessary to calibrate the used concrete mix
(= to determine the regression relationship of a particular concrete mix). The calibra-
tion targetis to determine the relationship between the compressive strength of con-
crete and maturity. Concrete maturity can be easily calculated based on easily meas-
urable data (temperature and time), and compressive strength is a crucial property of
concrete that a construction company usually wants to know.

The calibration process should be planned regarding the purpose of use of the ma-
turity method (e.g. optimal stripping, post-tensioning). Based on the purpose of usage,
the target value of compressive strength is determined, which has a crucial impact
on a crushing schedule of calibration. For instance, the target value for the optimal
stripping of slab formwork is usually approximately 70% of 28-day compressive
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strength. All individual results of cube testing should cover a range of compressive
strength close to the target value (Figure 21). [7]

Calibration usually takes place at the laboratory using concrete samples (cubes, alter-
natively cylinders). The whole procedure begins with casting cubes. After the casting
and compaction of all needed cubes, the temperature of concrete samples is contin-
uously measured, and maturity is calculated based on temperature development.
A plan of testing individual cubes in time is prepared so that each cube is tested
at a different age. Cubes are tested one by one according to the created testing plan.
Each test result is assigned to the calculated maturity value. Based on all outcomes,
the calibration curve is created. The concrete mix composition should not be changed
after calibration; otherwise, a new calibration is required. The whole calibration proce-
dure is described in the context of standards in Chapter 5.2. Figure 21 shows an exam-
ple of the calibration curve. [7]
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Figure 21 - Example of calibration curve [scheme: author]

As mentioned earlier, the maturity method is usually used for early-age concrete. Pre-
cisely speaking, the lowest compressive strength value, which can be determined us-
ing the maturity method, is approximately 5 MPa. The upper limit is 70% of 28-day
compressive strength. Figure 22 illustrates the range of use of the maturity method.
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Figure 22 - Range of possible use of maturity method [scheme: author]
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The lower limit is also influenced by minimal compressive strength (approx. 3 MPa)
when the compressive strength test can be done precisely and without any problem
in a usual testing machine. The calibration range should have a specific overlap down-
wards over the target value, which is why the minimum compressive strength is
at least 5 MPa.

5.1 Common Maturity Methods

There are three maturity methods which are commonly used in construction practice:
(4; 9]

e Nurse-Saul
e Arrhenius (Freiesleben-Hansen and Pedersen)
e de Vree

The Nurse-Saul method is preferred for its simplicity and relatively accurate results,
while the Arrhenius method is considered an exact and more complex approach be-
cause of the concrete's non-linear hydration rate. DeVreeg, the improved Nurse-Saul
method, tries to compromise simplicity and accuracy. [9]

Nurse-Saul and Arrhenius could be theoretically used for estimating compressive
strength up to 28-day value, but the accuracy at a later age (above 70%) is not that
precise. Moreover, the motivation for using the maturity method is usually related
to construction processes, which are done at an early age. [10]

5.1.1 Nurse-Saul

Saul introduced this easy and first maturity method in 1951. Maturity is computed us-
ing the following equation [4]

t
(4)
M(t) = Z(T Ty)At
0
where
temperature-time factor at age t [°Ch]
T average temperature of the concrete during time interval At [°C]
To datum temperature [°C]
At time interval [h]

This method assumes a linear relationship between temperature and maturity.
No compressive strength development is considered below the datum temperature
(experimentally determined constant). Maturity is calculated as accumulated differ-
ences between the average temperature of the concrete and datum temperature dur-
ing particular time intervals within the measured time duration. The principle of calcu-
lation is demonstrated in Figure 23. Commonly, a value of 0°Cis used for datum tem-
perature. Other more detailed recommendations of values can also be found in the lit-
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erature. For precise application, the value of datum temperature should be deter-
mined for the used cement according to the procedure described in American stand-
ard ASTM C 1074. [4; 10; 8]
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Figure 23 - Nurse-Saul: a principle of calculation [scheme: author]

5.1.2 Arrhenius (Freiesleben-Hansen and Pedersen)

Freiesleben Hansen and Pedersen proposed the following equation for equivalent age
based on the Arrhenius equation in 1977 [4]

B 1 1 (5)
t, = z o R\z735T 773 pg
0
where
te equivalent age at the reference curing temperature [h or days]
T average temperature of concrete during time interval At [°C]
T, reference temperature [°C]
E activation energy [J/mol]

universal gas constant, 8,3144 J/(mol.K)

The core of the equation above (H(T)) (equation (6)) describes the relationship between
the temperature and chemical activity of a hydration process. It is called "age conver-
sion factor" [4; 24]
—-E 1 1

H(T) = eT[m‘m] (6)
The age conversion factor states the hydration speed at a given average concrete tem-
perature T, compared to the hydration speed at a reference temperature of 20 °C.
If the concrete temperature is the same as the reference temperature, the age conver-
sion factor is equal to one. If the concrete temperature is lower than the reference
temperature, the age conversion factor is less than one. In case of a higher concrete
temperature than the reference temperature, the age conversion factoris greater than
one. As can be seen in Figure 24, where typical values are presented, the age conver-
sion factor is the exponential function. [24]
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Figure 24 - Typical values of age conversion factor [scheme: author]

The specific shape of the curve defining the variation of the age conversion factor
with temperature depends on the value of activation energy E. Activation energy rep-
resents the "temperature sensitivity" of the binder. Following typical values of activa-

tion energy represents a rough approach but gives acceptable results for everyday
use. [4: 24]

for T=220°C E =33 500 J/mol 7
for T<20°C E=33500+1470.(20 - T) J/mol ®)

Figure 25 shows typical activation energy values for CEM | or CEM II/A graphically and
defines the range of common values. As shown, "temperature sensitivity" increases
rapidly when the temperature drops below 20°C. Recommended values of activation
energy are stated in literature based on cement types. Activation energy can also be
determined experimentally using 54 mortar cubes stored in 3 different curing temper-
atures. The whole procedure is described in detail in ASTM C 1074. [8; 24]
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Figure 25 - Typical values of activation energy [scheme: author]
5.1.3De Vree

The final form of the de Vree method was introduced in the Netherlands in 1979.
This method is animproved Nurse-Saul method. The most crucial change is the imple-
mentation of weighted maturity, which considers the binder's temperature sensitivity.
Maturity is calculated according to the following equation [9; 7]
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t

10 CO,lT—1,245 _ C—2,245
oo Y  ac ©
InC
0
where

Mu weighted maturity [°Ch]

T average temperature [°C]

C C-value (temperature sensitivity of binder) [-]

At time interval [h]

Similarly, as the Nurse-Saul method, weighted maturity (DeVree) is the sum
of the weighted maturity of the individual time intervals within the measured time du-
ration.

C-value describes the influence of the temperature sensitivity of the binder material.
It means that the C-value of the binder defines the effect of the concrete temperature
on the hydration of cement. The higher C-value, the more significant effect of temper-
ature on concrete compressive strength development. Typical C-values for CEM | can
vary 1,05 - 1,30, and for CEM Il 1,45 - 1,60. C-values for different types of cement can
be found in literature or determined experimentally according to the procedure de-
scribed in Dutch standard NEN 5970 and the following paragraph. [9; 7]

Since the de Vree method is used for experiments in the experimental part of the the-
sisand C-values of used cement types were tested, the procedure is described in detail
below. The principle of the test is to determine the C-value, which provides the best
correlation coefficient of compressive strength results and maturity of samples stored
at 20°C and 65°C. [7]

It begins with creating at least two sets of three prisms 160 x 40 x 40 mm of standard
cement mortar using investigated cement type (acc. EN 196-1). Immediately af-
ter casting and compaction, the mould with three prisms is wrapped into clingfilm and
placed into a water bath. At least three prisms (one mould) must be stored in the water
bath at 20°C and another three prisms in the water bath at 65°C. The mould is quickly
removed from the water bath after appropriate curing time before the compressive
strength test of the first prism’s half. Prisms are demoulded and broken into two
halves. One half is tested, and the rest is placed back in the water bath. Compressive
strength testing times should be distributed along the following strength ranges: [7;
32]

e« forcementstrength classes: 325N, 325R, 425 Nisrange 5 — 25 MPa

(at least two results below 15 MPa and two above 15 MPa)
e« forcementstrength classes: 425R, 525N, 52,5 Risrange 15 — 35 MPa

(at least two results below 25 MPa and two above 25 MPa)
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At least five results per curing temperature need to be within the range. A suitable
schedule and flexible testing times are crucial for successful tests within a required
interval of compressive strength. Results out of the mentioned ranges cannot be used.

Each compressive strength result is assigned to the calculated maturity value based
on curing temperature. All results from both water baths (20°C, 65°C) are plotted on
one graph, where weighted maturity is at the x-axis in a logarithmic scale, and com-
pressive strengthis atthe y-axisin alinear scale. The regression lineis calculated using
linear regression. C-value is calculated by iteration of different C-values (Figure 26).
The determined C-value is the value at which the regression line has the highest cor-
relation coefficient. In the case of the example in Figure 26 C-value is 1,30 because
the coefficient of determination is very close to one (R? = 0,9858). [7; 58]

C-value=1,15 C-value =1,30 C-value =1,45
30,0 30,0

25,0
20,0
15,0

30,0
25,0
20,0
15,0

y =9,9982In(x) - 54,417
RZ=0,83450 £

y = 12,51In(x) - 73,558
R2=0,9858 4

y = 11,887In(x) - 70,49
R2=0,8813 @f

N
w
o

20,0
15,0

Compressive Strength[MPa]
Compressive Strength[MPa]
Compressive Strength[MPa]

10,0 10,0 10,0 o/
5,0 5,0 5,0 o
0,0 0,0 0,0
100 1000 10000 100 1000 10000 100 1000 10000
Maturity [°Ch] Maturity [°Ch] Maturity [°Ch]

Figure 26 - Example of iteration during C-value determination of CEM II/B-S 32,5 R [grapf: author]

The whole procedure mentioned above has to be performed three times from different
batches of material. The final C-value of the binder is the median rounded down
to 0,05. Chapter 12 includes more detailed information and the results of various ce-
ment types. [7]

5.2 Calibration

The procedure of calibration was generally described at the beginning of Chapter 5.
This chapter points out important information in the context of standards, such
as Dutch NEN 5970 and American ASTM C 1074.

5.2.1NEN 5970

This Dutch standard is valid for de Vree (weighted maturity) method. For creating one
calibration curve, a minimum of five cubes is required. The concrete temperature has
to be recorded in the core of all cubes from the time of sample creation. According
to the testing schedule, individual cubes are tested at a defined time. Compressive
strength values of all cubes should cover a maximum range of 8 MPa below and up to
8 MPa above the target value (= the value needed for the critical activity, described in
the introduction of Chapter 5). Results should be distributed evenly; at least two meas-
ured values should be below and two above the target value. [7]
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Figure 27 — Example of calibration process according to NEN 5970 [scheme: author]

Each compressive strength value is assigned to the calculated maturity value. The re-
gression line is created based on the values of the compressive strength and maturity
of all samples. With regard to possible deviations, a safety factor (explained below) is
introduced into the calculation. Then, the created regression line is moved downwards
using the safety factor. [7]

Calibration has to be performed for every concrete mix design, which will be measured
with the maturity method. Additionally, when there are more target values to measure
far from each other (e.g. 5 MPa for early striping and 26 MPa for removing slab form-
work), calibration needs to be done twice, always covering the range close to one tar-
get value. NEN 5970 recommends regularly checking the calibration curve = validation
every two weeks. Figure 27 summarises the whole calibration process according
to NEN 5970. [7]

To determine the safety factor, a standard deviation of the calibration curve needs
to be calculated according to the following equation. [7]

Sij= M (10)
fc,p
where
S standard deviation of the calibration curve [N/mm?]
f'ei mean value of compressive strength of calibration curve [N/mm?]
Sp standard deviation of concrete production [N/mm?]

f'ep average compressive strength of production related to s, [N/mm?]

Knowing the average strength (f.,) and its standard deviation (s,) of the production,
which has to be tested and calculated in practice for 28-day strength, the standard
deviation of the calibration curve could be easily calculated. The safety factor S; x 1,0
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is recommended for reinforced concrete structures and S; x 1,5 for posttensioned
structures. [7]

5.2.2ASTM C-1074

This American standard applies to Nurse-Saul and Arrhenius. The basis of the calibra-
tion procedure is quite the same as in NEN 5970. However, certain parts of the process
are recommended differently. Compared to NEN 5970, more samples are needed.
ASTM requires at least fifteen cylindrical samples for one calibration. The temperature
must be measured only in the core of two specimens. Those two specimens with tem-
perature measurements are used for crushing as the last ones. Figure 28 compares
calibration according to both standards. [8; 7]

ASTM also recommends a testing schedule with the following five ages: 1, 3,7, 14, and
28 days. However, this recommendation is theoretical. More testing periods at an early
age can result in higher accuracy of the calibration curve. In construction practice,
the development of the strength-maturity relationship is usually scheduled only un-
til the equivalent age of 7 days. [10; 8]

At each proposed age in the crushing schedule, two cylinders are crushed. If the dif-
ference between the compressive strength of the two cylinders is higher than 10%,
the third cylinder must be crushed. At every test age, the average maturity is registered
from temperature measurement in the core of the two mentioned specimens. Finally,
the average compressive strength from all ages is plotted as a function of maturity,
and the best-fit curve through the data is drawn. ASTM recommends making a valida-
tion in parallel with every measurement. No safety factor is introduced. [10; 8]

Calibration samples - NEN 5970

Schedule: 1t 2nd 3 4t 5
i L i * i * i * i ?
ﬂf T+ *ZT + *3. + )‘4‘!' T *5. .
\

| | | - w+®

If the difference between
two tested cylinders is
bigger than 10%, third

cylinder is crushed. Llu] * @

Figure 28 - Comparison of samples needed for calibration according to NEN and ASTM [scheme: author]
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5.3 Strength-Maturity Relationship

As soon as all results from tests during calibration are known (combinations of ma-
turity and compressive strength at different ages), it is possible to plot the calibration
curve. One of those three functions is usually used [4; 10]

e Exponential

a a1
S = Sooe_(%)
S compressive strength [MPa]
S. limiting compressive strength [MPa]
M maturity [°Ch] or [h] (unit depends on the type of used method)
T characteristic time constant [h]
a shape parameter [-]
e« Hyperbolic
k(M — M,)
S=8Sg———
1+ k(M — M) (12)
Mo maturity when strength development is assumed to begin [°Ch] or [h]
k rate constant [1/°Ch] or [1/h]
¢ Logarithmic
S =a+ blog(M) (13)

a constant
b constant [MPa/°Ch] or [MPa/h]

The exponential and especially hyperbolic function represents the concrete strength
development very well. The logarithmic function has certain limitations because
of ever-increasing strength with increasing maturity. It underestimates very early com-
pressive strength (generally <5MPa) and overestimates compressive strength at late
ages (above 70 — 80% 28-day strength). However, the logarithmic relationship is still
beneficial for the determination of common values of early-age compressive strength,
which are usually within the mentioned range. Additionally, the creation
of the strength-maturity relationship using the logarithmic function is easy to handle
in practice. [4; 10]

ASTM C-1074 recommends the usage of the hyperbolic or exponential function.
NEN 5970 recommends the use of the logarithmic function. [8; 7]

5.4 Validation

The goal of validationis to verify the accuracy of the calibration curve over time. In prin-
ciple,validation compares the value determined by the maturity method and the value
obtained by the destructive testing (in a compressive strength testing machine).

At least one test sample is created for validation using a concrete mix design to which
the calibration curve applies. A specimen is covered for the prevention of evaporation
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of water from the concrete surface. The temperature development of one sample is
measured, maturity is calculated, and compressive strength is estimated using the ex-
isting calibration curve. The sample is crushed in a press when the target strength is
reached. Finally, the value calculated using the maturity method is compared to
the average value from the compression test. The validation must be done again if
the difference exceeds the permitted deviation = safety factor. If the difference is again
too big, the calibration curve must be developed again. The author of the thesis rec-
ommends performing validation with three samples. [7]

5.5 Measuring in Practice

After successfully developing the calibration curve (regression relationship), the ma-
turity method can be used for estimating the compressive strength of early-age con-
crete in situ. For this purpose, it is suitable to use one of the commercial measuring
systems available on the market.
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Figure 29 - Principle of measurement of compressive strength using maturity method [scheme: author]
Figure 29 demonstrates the principle of calculation. The measuring device (sensor)
records temperatureintime. Based on temperature developmentin time, maturity can
be calculated using one of the methods described above (e.g. deVree, equation (9)).
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The temperature graph shows the calculation of maturity as an accumulation of aver-
age temperatures (hatched columns). According to the current maturity value, the pre-
sent value of compressive strength can be determined based on the calibration curve
(3 graph in Figure 29) and shown in a standard graph in time (4" graph in Figure 29).

Regarding the commercial measuring system, the following requirements should be
fulfilled. The maximum inaccuracy of the measuring device should be £1°C according
to both standards (ASTM C-1074, NEN 5970). ASTM C-1074 recommends temperature
measurements at the interval of 0,5 h within the first two days and 1 hour or less later.
NEN 5970 prescribes temperature measurements at least three times per hour.
The weighted maturity must be calculated based on a maximum measuring interval
of one hour. [8; 7]

5.6 Comparison with rebound hammer

Rebound hammer, in combination with the general regression relationship, usually
provides very conservative results. If the rebound hammer is used with the regression
relationship developed for a specific concrete mix design, the accuracy could be al-
most equal to the accuracy of the maturity method. However, the in-situ measure-
ments need to be appropriately executed by properly trained technicians. Developing
aregressionrelationship forthe rebound hammer requires much more effort than a re-
gression relationship for the maturity method. [59]

The maturity method reduces the labour intensity during the measurement.
On the contrary to the rebound hammer, if the concrete mix design is not changed and
the sensoris placed correctly, possible human error is decreased significantly. In addi-
tion, the maturity method can also provide a forecast of compressive strength devel-
opment based on estimated concrete temperature during upcoming hardening.

5.7 Results of Recent Research

As mentioned in the introduction (Chapter 1), a number of papers have been written
concerning the effect of concrete mix design on compressive strength development.
However, clear and exact answers to questions in chapter 1.2 are still missing. Some
valuable findings have already been mentioned in the theoretical part above.
This chapter presents mainly contributive outcomes of the recent research in Inns-
bruck. [9: 60]

During the mentioned research, many concrete mix designs were calibrated using all
three mentioned methods above (Nurse-Saul, Arrhenius, DeVree) at different boundary
conditions. The main goal of this research was to determine appropriate boundary
conditions for exact calibration, the most suitable maturity method for practice, and
the effect of specific changes in a concrete mix design on the calibration curve. The fi-
nal findings are summarised below and were considered during the planning
of the author's research [9; 60]
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Values of activation energy and C-values were experimentally determined for all four
types of cement used for experiments. Results were compared with the recom-
mended values from the literature, and both of them were used for further tests.
The impact of the difference between experimentally determined and recommended
values on compressive strength development was insignificant. It showed that the lit-
erature's recommended activation energy and C-value are precise enough. (Author's
note: This statement was reconsidered based on the performed tests and calculations
in the practical part — Chapter 12.) [9; 60]

Calibrations of concrete mix designs were done in four different conditions: [9; 60]

e Water tank with a controlled temperature of 20°C
e Water tank with a controlled temperature of 40°C
e Water tank with a controlled temperature of 60°C
¢ Semi-adiabatic conditions — calibration boxes with insulated moulds

\ LY K

Concremote
Figure 30 - Example of calibration box, before pouring (left), after pouring (right), [photo: author]

Based on all calibrations with different cement types, calibration in semi-adiabatic
conditions provides a quite precise result. Moreover, handling the calibration with in-
sulated calibration boxes does not need too much effort, and it does not require ex-
pensive equipment in the laboratory as a water tank with controlled water tempera-
ture. The second important finding shows that insulated calibration boxes (e.g. Figure
30) provide very accurate calibration results for practice. [9; 60]

It is evident from the research results that de Vree method gives enough accuracy
for measurement in the construction practice. Most of the critical operations
in the construction process need a target value within the range where the logarithmic
function of the strength-maturity relationship works well (5 MPa to 70% of 28-day com-
pressive strength). Figure 31 shows that the mentioned range's approximation by log-
arithmic curve (line in logarithmic scale) is entirely accurate. The third crucial finding
is that the de Vree method and the logarithmic strength-maturity relationship pro-
vide precise results for construction practice. Furthermore, the process recom-
mended by NEN 5970 is not very difficult to implement. [9; 60]
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Figure 31 - Maturity-strength relationship (de Vree), maturity in logarithmic scale [scheme: author]

Two critical concrete mix design modifications occurred: the cement amount and
the water-cement ratio. Results show a slight effect of varying cement amounts
on the calibration curve. Differences +10 kg/m? should not cause a significant impact
on the calibration curve. However, the change in the water-cement ratio can have
a very considerable effect on the calibration curve. At least a difference around 0,05
may require a new calibration curve. Because the number of those tests regarding
changes in the concrete mix design was limited, research presented in the practical
part of the thesis provides more detailed information. [9; 60]
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6 Experimental Analysis

As outlined in the introduction, the thesis's primary goal is to provide more detailed
information on the impacts of specific concrete mix design changes on compressive
strength development and get better insights into deviations and influences
on the accuracy which can occur in practice. In particular, to answer the questions
in Chapter 1.2.

The research focuses on standard concrete components usually available at the ordi-
nary batching plant, especially in the Czech Republic and central Europe. All materials
used in the lab experiments were sampled at regular cement production or concrete
plants (such as cement, sand, additions, and admixtures), excluding the standard sand
used as a reference. The concrete tests were performed at the concrete plant or even
on the construction site. The aim was to collect the results from practice to provide
relevant information for the concrete industry. That is the crucial distinction compared
to most other theses in this field, usually done in the laboratory.

6.1 Procedure

The research was divided into six phases, which allowed for step-by-step investiga-
tion. The tests started in the laboratory environment, which provided more precise re-
sults with fewer deviations but more limited usability in practice. Then, the investiga-
tion continued on the concrete plant, which already offers valid practical results.
One of the last phases took place directly on the construction site, the closest
to the actual use of concrete. Learning from the previous phase was always utilized
during the detailed planning of subsequent steps.

6.2 Procedure of Analysis

Individual phases are briefly presented below. A more detailed description is in the fol-
lowing chapters, where every chapter introduces one phase and its results.

1) Isothermal calorimetry of cement
e Target: More detailed input information about cement types used in further
experiments
e Standard: EN 196-11
e Duration: 04/2021 — 06/2021 and 10/2022 — 12/2022
e Place: Laboratory at CTU Prague, department of material engineering and
chemistry
2) Test of cement mortar
e Target: Hands-on experience for concrete tests
e Standards: EN 196-1, NEN 5970
e Duration: 0672021 — 09/2021
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e Place: Laboratory at CTU Prague, department of concrete and masonry struc-
tures
3) Calibration of different concrete mixes
e Target: Overview of influences of different changes in a concrete mix design
under actual conditions, experiencing the deviations in the practice
e Standards: EN 206+A2, EN 12350, EN 12390, NEN 5970
e Duration: 09/2021 - 10/2021
e Place: Concrete plant TBG Metrostav, Prague
4) Regular validation on the construction site
e Target: Information on possible deviations on the construction site
e Standards: EN 12350, EN 12390, NEN 5970
e Duration: 11/2021 - 05/2022
e Place: Residential project VIVUS Golf Park, Prague
5) Water-cement ratio test
e Target: Quantification of the influence of extra added water
e Standards: EN 206+A2, EN 12350, EN 12390, NEN 5970
* Duration: 05/2022 — 06/2022
e Place: Concrete plant TBG Metrostav, Prague
6) Determination of C-values
e Target: Accuracy improvement in gained results
* Standard: NEN 5970
e Duration: 09/2022 - 10/2022
e Place: Concrete laboratory Concrefy, Netherlands

The pictures below provide a preview of the executed experimental parts. [7; 31; 32;
35]

Figure 33 - Validations on the job site, water-cement ratio test, determination of C-value [photo: author]
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6.3 Methodology

During the execution of the experiments, close attention was paid to compliance
with standards and the reduction of deviations related to unqualified and inconsistent
execution of laboratory tests. Cement and cement mortar tests were performed ac-
cording to EN 196-11 and EN 196-1. Concrete tests complied with EN 206+A2, a group
of standards for testing fresh concrete EN 12350 and hardened concrete EN 12390. Uti-
lization of the maturity method followed the requirements in Dutch NEN 5970.

The author executed the tests for two main reasons exclusively. The first goal was
to minimise the variations by having just one laboratory technician = thesis author.
The second aim was to get more hands-on experience and skills, which is much more
enriching than just receiving the results without involvement.

6.4 Extent of research

The research started in the spring of 2020 by searching for a suitable topic and prepar-
ing a concept. During the early spring of 2021, materials for laboratory tests were ar-
ranged and collected. The planned experiments and continuous evaluation took place
from 04/2021 to 12/2022. The research was funded within the “Student grant compe-
tition of Czech Technical University in Prague” by the project SGS21/041/0HK1/1T/11
and SGS22/034/0HK1/1T/11.

The extent of research could be indicated by tested mortar and concrete samples.
The compressive strength of almost 650 halves of the cement prisms and nearly 250
concrete cubes were tested.
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7 Isothermal Calorimetry of Cement

This chapter describes the first phase of the experimental part, where the target was
to get more detailed input information about used cement types. The aim was
to choose cement types commonly available on the concrete plant and cover different
percentages of clinker substitutions. The following cement types were tested and fur-
ther used in the following phases:

e CEMI 425 R (cement plant: Radotin)

« CEMI 425 R (cement plant: Mokra)

« CEMII/B-S 32,5 R (cement plant: Radotin)
« CEMII/B-S 32,5 R (cement plant: Mokrd)

« CEMIII/B 32,5 L (cement plant: Mokr&)

The combination of CEM II/B-S 32,5R (83,3%) and fly ash (16,7%) was also tested be-
cause this cement and fly ash mix was commonly used in tested concrete mixes
in the following phases of the research. The isothermal calorimetry tests were per-
formed in two stages (spring 2021 and autumn 2022) with different batches of cement
and different temperatures during the test. Initially, the second testing was not
planned. This idea came up during the test of the C-value (Chapter 12). The tests fol-
lowed EN 196-11's recommended procedure, described in Chapter 2.4.1. The only ex-
ception is the temperature during the first testing stage, 25°C instead of the recom-
mended 20°C. At that time, the test temperature of 25°C had to be used because
of other samples which were tested in parallel. This recent restriction now helps clearly
show the influence of temperature on the hydration reaction. [31]

7.1 Results

Table 4 summarises the results of the calorimetry tests. Each value represents the av-
erage of two tests, as the standard requires. The presented heat of hydration was
measured seven days after mixing cement with water acc. EN 196-11. [31]

The development of hydration heat is presented and compared in the following fig-
ures. For better visibility of all curves, the duration of the development is shortened
from seven days to five days because heat flow during the last two days is very low
and insignificant for comparison. The scale of heat flow is from zero to 4 mW/g to in-
crease the visibility of the main hydration peak. The first peak, which occurred within
the first minutes after mixing, is shown only until 4 mW/g for two reasons. Values
measured during the first hydration peak could deviate a lot, and those values are not
crucial for the subsequent investigation. Since the difference in hydration heat devel-
opment of the same cement types from two different productions (Radotin, Mokrd) are
minor, only curves from Radotin are presented, including the CEM llI/B 32,5 L, which is
produced in Mokra only.
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Table 4 - Results of isothermal calorimetry tests - overview

Supplementary The heat | Main hydra-
s . Temperature .
Cement type (Plant) cementitious | Batching . of hydra- | tion peak
. [°C] .
materials tion [J/g] [mW/g]

CEM 1 42,5 R (Radotin) - 04/2021 25 323,5 3,80
CEM 142,5 R (Mokra) - 04/2021 25 298,9 3,55
CEM 11/B-S 32,5 R (Radotin) - 04/2021 25 259,2 3,03
CEM 11/B-S 32,5 R (Mokrd) - 04/2021 25 257,5 2,71
CEM 111/B 32,5 L (Mokra) - 04/2021 25 195,5 1,92
CEM 1 42,5 R (Radotin) - 08/2022 20 300,4 2,42
CEM 11/B-S 32,5 R (Radotin) - 08/2022 20 227,9 1,80
CEM I1I/B 32,5 L (Mokrd) - 08/2022 20 184,0 1,45
CEM 1I/B-S 32,5 R (Radotin) | fly ash (16,7%) | 08/2022 20 201,0 1,47
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-+ = CEMI525R -——CEMI42,5R CEM 1I/B-S32,5R CEMIII/B32,5L

Figure 34 - Heat of hydration of different cement types, tested at 20°C

Figure 34 compares the hydration heat development of four cement types. CEM 1525 R
was tested foranother project and was added to the comparison as a reference for the
cement type previously used in the precast industry. (Note of the author: This cement
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type is currently being substituted with CEM II/A-S 52,5 R or CEM II/A-LL 52,5 R.) Pre-
sented cement types contain the following amount of clinker (without calcium sulfate)
acc. EN 197-1.[16]

e CEMI1425Rand525R >95% of clinker
« CEMII/B-S325R 65 — 79% of clinker
« CEMIII/B325L 20 — 34% of clinker

Differences between the hydration heat are significant (Figure 34 and Table 4 — lower
part) from the main hydration peak and total hydration heat point of view.

Figure 35 shows the comparison of hydration heat development at testing tempera-
tures of 20°C and 25°C. Results confirm a considerable influence of temperature
on the development of hydration heat. The main hydration peak of all types of cement
is significantly higher at 25°C, and the heat flow decreases faster. The increases influ-
enced by temperature are presented in Table 5. For example, the maximum heat flow
of CEMII/B-S 32,5 R is 68% more at 25°C than at 20°C, and the released heat of hydra-
tion during seven days is 14% higher.

Heat flow [mW/g]

0 0,5 1 1,5 2 2,5 3 3,5 4 4.5 5
Time [days]
— — CEM 142,5 R (25°C) — — CEM II/B-S 32,5 R (25°C) — — CEM III/B 32,5 L (25°C)
~———CEM 1 42,5 R (20°C) —— CEM II/B-5 32,5 R (20°C) ~——— CEM III/B 32,5 L (20°C)

Figure 35 - Heat of hydration of different cement types at 20°C and 25°C

Tests at 25°Cand 20°C were not performed using the same samples. The first test sam-
ples (25°C test) were batched at the cement plant in April 2021, and the second (20°C
test) in August 2022. Because of that, certain deviations in the results could occur.
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Table 5 - Comparison of hydration heat development at 20°C and 25°C

Heat of hydration Increase Main hydration peak Increase
Cement type (Plant) [1/g] (%] [mW/g] (%]
20°C 25°C 20°C 25°C
CEM 1 42,5 R (Radotin) 300,4 323,5 8 2,42 3,80 57
CEM 11/B-S 32,5 R (Radotin) | 227,9 259,2 14 1,80 3,03 68
CEM I1I/B 32,5 L (Mokrd) 184,0 | 195,5 6 1,45 1,92 32

Figure 36 shows the hydration heat of CEM 1I/B-S 32,5 R and fly ash. As mentioned, this
combination is often used in concrete mix designs in the research phases, which took
place at the concrete plant and on the construction site. Because of its frequent use,
the test of it was performed as well. Added fly ash decreased the main hydration peak
of CEMII/B-S32,5R and reduced the value of maximum heat flow to the level

of CEM III/B 32,5 L. Released hydration heat is reduced by fly ash to 88% in comparison
with 100% CEM II/B-S 32,5 R.

3,5

2,5

Heat flow [mW/g]

0,5

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5
Time [days]

~———CEM II/B-S 32,5 R ———CEM 11/B-S 32,5 R + fly ash (16,7%) ——CEM /B 32,5L

Figure 36 - Heat of hydration of CEM II/B-S 32,5 R + fly ash, tested at 20°C

65



@ Isothermal Calorimetry of Cement

7.2 Summary

The isothermal conduction calorimetry method is an exact test which provides de-
tailed information on hydration heat development. The development of hydration heat
flow allows a comparison of the hydration of different cement types or cement types
mixed with supplementary cementitious materials.

In total, 18 samples of cement were tested, and the duration of all tests was seven
days. The test's results provided valuable information about the hydration of tested
cement types and confirmed the significant influence of temperature on hydration.
That gave the author helpful input information and an understanding of tested mate-
rials.
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8 Cement Mortar Tests in Laboratory

As already mentioned, one of the main goals of the thesis is to provide a detailed over-
view of the effect of concrete mix design changes on compressive strength develop-
ment, which is in the case of the maturity method expressed as a calibration curve.
This research phase aims to investigate the cement mortar samples and get good ba-
sics and hands-on experiences for further investigation with ready-mix concrete.
This research phase took place in the laboratory, which reduced the number of devia-
tions and provided proper preparation for a less accurate research environment
(e.g. concrete plant) in the following phases. Tests were performed deliberately with
cement mortar samples due to the possibility of creating a huge amount of testing
samples with a small amount of material. Commonly used concrete testing samples
(150 mm cube) were substituted for cement mortar prisms 160 x 40 x 40 mm. Experi-
mental work of this phase was executed in the summer of 2021.

Investigated changes in the cement mortar mix design include using different types
of cement from various sources, amount of cement, water-cement rations, fine aggre-
gates from various sources, admixtures and additions. Besides the mentioned com-
parison results, the experimental analysis also presents information about accuracy
and deviations. Deviations were investigated by a repeated calibration curve determi-
nation after a specific time.

8.1 Methodology

Before the execution of laboratory tests, a plan of sixteen cement mortar mix designs
was produced (Table 6). Cement mortar mix designs were based on the standard ce-
ment mortar composition (acc. EN 196-1): 1350 g of CEN standard sand, 450 g of ce-
ment, and 225 g of water. Standard cement mortar composition was used for all five
cement types. Then, cement mortar mix designs using CEM II/B-S 32,5 R (Radotin)
with different changes were designed. Changes were the following: the different
amounts of cement, the different water-cement ratio in combination with added su-
perplasticizer, the replacement of CEN standard sand by sand from three different
quarries, the addition of setting accelerator, substitution of a certain amount of cement
for fly ash or limestone. The following materials were used in the experiments: [32]

¢ Cement
o CEM1425R (Radotin 04/2021 and Mokrd 04/2021)
o CEMII/B-S 32,5 R (Radotin 04/2021, 07/2021 and Mokré 04/2021)
o CEMIII/B 32,5 L (Mokrd 04/2021)
e Fine aggregates
o CEN standard sand (Doksy 04/2021)
o Sand“A"0-4 mm (western part of Czech Republic 03/2021)
o Sand“B"0-4 mm (northern part of Czech Republic 04/2021,07/2021)
o Sand“C"0-4 mm (northern part of Czech Republic 04/2021, 07/2021)
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e Tap water
* Admixtures
o Superplasticizer Sika Viscocrete 1035
o Setting accelerator Chryso XEL 650
* Addition
o Flyash
o Limestone

Before collecting all materials, the subsequent phases of research were considered,
and materials available at the concrete plant where the research afterwards took place
were included. All cement types mentioned above were tested by isothermal calorim-
etry in previous phases. The source of different sands is not mentioned in the thesis
and is substituted by letters A, B, and C, as agreed with concrete suppliers, where
the sand was picked up. However, some basic properties of those sands are presented.

8.1.1 Cement mortar composition

A detailed description of all cement mortar mix design is stated in Table 6. All mix de-
signs were designed based on the volume equation, similar to the concrete mix design
acc. equation (2). Initially, the required volume was 0,88 litres as the volume of stand-
ard cement mortar acc. EN 196-1. Afterwards, the amount of ingredients was slightly
changed in direct proportion to reach 1350 g of CEN standard sand, which is precisely
one bag. All the mix designs were tailored to that amount because the Standard sand
can't be easily mixed to reach an even distribution of different grains if all aggregate
sizes are already mixed. The standard sand was already available in plastic bags con-
taining precisely the amount for one usual cement mortar mix (Figure 37); therefore,
the above-described procedure was introduced. [32]

The mix design with the used superplasticizer (WC-04) was designed to reach a similar
consistency as the reference mix design (CT-03). The mix designs with substituted
CEN standard sand for sand from the concrete plant (SA-01, 03, 04) were designed
to achieve similar consistency as the reference mix design (CT-03); therefore, more wa-
teris added. All consistency adaptions were based on the results of the flow cone test,
which was included in the whole testing procedure.

Figure 37 - Plastic bag of standard sand in accordance with EN 196-1 [photo: author]
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Table 6 - Description of cement mortar mix designs

Cement mortar composition
Phase Mix W Admi Additi Notes
. ter mixture ition
design | sand [g] Cement [g] @
& & [¢] [¢] [¢]
Standard CEMI142,5R (R Wat - -
cT-01 f=>2neer (R) e acc. EN 196-1
1350 450 225 0 0
Standard CEMI142,5R (M Wat - -
cT-02 |=>2nCer (M) e acc. EN 196-1
1350 450 225 0 0
Cement CT-03 Standard | CEM II/B-S 32,5R (R) Water - - acc. EN 196-1
type 1350 450 225 0 0 (reference)
Standard | CEM 1I/B-S32,5R (M Wat - -
cT-04 |=20C8T / (M) | Water acc. EN 196-1
1350 450 225 0 0
Standard CEM 111 32,5 L (M) Water - -
CT-05 acc. EN 196-1
1350 450 225 0 0
CA-02 Standard | CEM1I/B-S32,5R (R) Water - - cement
Cement 1350 544 272 0 0 amount +50 g
amount CA03 Standard | CEMII/B-S32,5R (R) | Water - - cement
1350 370 185 0 0 amount -50 g
Standard | CEMII/B-S32,5R(R) | Water - -
WC-01 w/c =0,55
1350 471 259 0 0
Water /
Standard | CEM II/B-S32,5R (R Wat - -
cement | WC-02 andar / (R) ater w/c=0,45
ratio 1350 431 194 0 0
We.04 Standard | CEM 1I/B-S32,5R (R) Water | Superplastic. - w/c = 0,45 +
1350 431 191 3,0 0 superplastic.
SA01 Sand A CEM 11/B-S 32,5R (R) Water - - sand from
Fine 1350 450 280 0 0 concrete plant
aggrega- | ¢, o4 Sand B CEM I1/B-S32,5R (R) | Water - - sand from
tes 1350 450 250 0 0 concrete plant
(sand)
SA04 Sand C CEM 11/B-S 32,5R (R) Water - - sand from
1350 450 250 0 0 concrete plant
Accele- ACOL Standard | CEM 1I/B-S32,5R (R) Water | Accelerator - setting accele-
rator 1350 450 220,0 5,0 0 rator 1,1%
Standard | CEM II/B-S32,5R (R Water - Fly ash itution -
Flyash | FA01 / (R) y subfsltltut;]on
1350 368 230 0 92 y as
Limes- 15-01 Standard | CEM 1I/B-S32,5R (R) Water - Limestone | substitution -

Notes:  The cement plant is defined by letters in brackets: (R) - Radotin, (M) - Mokra.
Description of sand "Standard" stands for CEM standard sand.
Mix design CT-03 is considered a reference mix design.
All changes in comparison to mix design acc. EN 196-1 are marked in red.

Cement mortars are designed based on the volume equation and proportionally adapted to one
bag of standard sand (1350 g).
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8.2

Procedure

Twelve prisms were produced for each of the sixteen mentioned mix designs
(with a few exceptions). Six prisms were used to determine the calibration curve, and
another three were used for the 28-day compressive strength test acc. EN 196-1.
The remaining three prisms were produced approximately a month later and tested
as validation samples of a previously determined calibration curve. The number of test
samples per mix design and their relation to tests is summarized in Figure 38. The cal-
ibration curves of specific mix designs were determined several times for validating

calib

ration curves (e.g. CT-02, CT-03, or CT-04). [32]

Calibration curve \ [ 28-day strength | | Validation |

Compressive
strength [MPa]

Compressive
strength [MPa]
é

—

—
Maturity [°Ch] Maturity [°Ch]

Figure 38 - Amount of test samples per mortar mix design and related tests [scheme: author]

The procedure of sampling, curing and testing was following: [32; 61]

Cement mortar was mixed in compliance with EN 196-1 using a suitable mortar
mixer (Figure 39 - left).
Flow cone test of fresh cement mortar was performed in accordance
with EN 1015-3 (Figure 39 - middle).
Samples were created and compacted following the procedure in EN 196-1.
The only exception regarding the standard requirements was a vibrating table,
which was used instead of the recommended jolting apparatus (Figure 39 -
right).
Prisms were cured in the following conditions:

o During the first 24 hours, mould with the prisms was in the lab condi-

tions. Since the curing chamber was unavailable, appropriate moisture
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conditions were ensured by wrapping the mould. The upper part
of the mould was covered with cling film to prevent water evaporation.
A wet sponge blanket was put on the cling film as a water source, and
the whole mould was properly wrapped into the cling film (Figure 40 -
left). The ambient temperature in the lab was continuously monitored
and recorded. The sample's temperature was assumed to be very close
to the ambient temperature because all ingredients were stored
in the laboratory before mixing, and steel mould could conduct hydra-
tion heat away quickly.

After approximately 24 hours, prisms were demoulded, labelled and put
into the water bath, where the temperature was continuously recorded.
The sample temperature was assumed to be similar to the water tem-
perature.

A sample was removed from the bath and weighed at the defined testing time,
and its dimensions were measured. Flexural strength was determined acc.
EN 196-1 (Figure 40 - middle).

Two halves, which remained after the flexural strength test, were used
for the compressive strength test following EN 196-1 (Figure 40 - right). The av-
erage value of the two tested halves was calculated.

The maturity of the cement mortar prism at the time of testing was calculated
based on a measured temperature of curing conditions. One point for future
calibration (regression) line consists of the average tested compressive
strength value at the y-axis and the calculated maturity value at the x-axis.

The abovementioned procedure was usually performed four times per mix design be-
cause twelve samples were needed, as illustrated in Figure 38. Testing times for cali-
bration and validation were planned according to the calibration curve range, which
was focused on the upper part of early-age strength development up to 70% of
28-day compressive strength. Six calibration prisms of each mix design were tested
one by one gradually. The same applied later for three validation samples. Most of the
time, all early-age compressive strength tests were planned and performed between
the 2" day and the 7" day after the creation of samples.

Figure 39 - Mixing of cement mortar, flow cone test, sampling [photo: author]
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The consistency of cement mortar was always tested only once per mix design while
preparing 28-day prisms. Testing and evaluating the 28-day compressive strength test
were more straightforward because all three samples were tested after 28 days, and
Nno maturity calculations were necessary.

L
=
&
*
2
s
1
#
#
L

Figure 40 - Curing, flexural strength test, compressive strength test [photo: author]

8.3 Results

The results of experiments are expressed as regression lines of test results. Each point
represents the average compressive strength value of two halves of one prism. Those
regression lines describe the relationship between maturity and compressive
strength. The regression line is always based on five or six results. Equations of the re-
gression line are presented in the graphs, including the coefficient of determination,
which expresses the prediction quality. The maturity value on the x-axis uses a loga-
rithmic scale. Regression lines show differences in strength development between dif-
ferent mortar mix designs independently of mortar temperature (within a typical tem-
perature range). Compressive strength could be calculated for various temperature
profiles (as illustrated in Figure 42).

The standard cement mortar mix design with CEM II/B-S 32,5 R was chosen as refer-
ence one since this cement type was used for all performed adaptations of the stand-
ard mortar mix design. Its regression line is drawn in orange in all following graphs
within this chapter.

Figure 41 compares five different mix designs:

« Standard cement mortar composition with CEM 1 42,5 R (CT-01)

« Standard cement mortar composition with CEM 11/B-S 32,5 R (CT-03)

« Standard cement mortar composition with CEM I1I/B 32,5 L (CT-05)

e Cement mortar with CEM I1I/B-S 32,5 R and reduced water-cement ratio by su-
perplasticizer (WC-04)

« Cement mortar with CEM II/B-S 32,5 R and setting accelerator (AC-01)

It is evident that cement type strongly influences the compressive strength develop-
ment of cement mortar. CEM1425R (red) is approximately 17 MPa faster than
CEM1I/B-S 32,5 R (orange), and CEMIII/B 32,5 L (green) is about 8 MPa slower than
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CEMII/B-S 32,5 R. Noticible effect provides an added setting accelerator (purple), which
shifted the regression line by 3,0 - 3,5 MPa in comparison with standard mortar com-
position. Using superplasticiser and reduced water-cement ratio (light blue) consider-
ably improves strength development by about 6 MPa compared to ordinary cement
mortar.
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Figure 41 - Comparison of different cement types, use of superplasticizer and setting accelerator
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Figure 42 - Compressive strength development of selected mortar mix designs at mortar temperature of
15°C, 25°C
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Figure 42 was included to illustrate a possible calculation of strength development
fora temperature during hardening of, e.g. 15°C and 25°C, based on selected regres-
sion lines (CT-01, CT-03, WC-04) presented in Figure 41.

It shows the data ina more intelligible way. Compressive strength development, which
is out of the tested range (e.g. CEMI| below 259 MPa), needs to be considered
as arough estimation based on higher values, especially at a very early age be-
low 5 MPa, where the development is simplified compared to the actual behaviour of
concrete.

Figure 43 shows the difference between the cement types produced at the two ce-
ment plants in the Czech Republic — Radotin and Mokrd. Regression lines of CEM 1425 R
from both productions are almost identical (dark red and dark blue). On the contrary,
the results of different CEM 11/B-S 32,5 R samples deviate noticeably. Regression lines
of two samples from Radotin batched at two different times show a difference of 2 MPa
(orange and red). CEMII/B-S 32,5R from Mokra (light blue) also behaves differently
compared to Radotin’'s samples, especially since the inclination of the line is different.
However, the results above 25 MPa of all three samples are pretty close to each other.
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Figure 43 - Comparison of cements from two different cement plants

Figure 44 presents the results of repeated tests of identical cement batches. Cement
mortar samples were made from the same batch of cement CEMI425R and
CEM1I/B-S 32,5 R. It means that cement was taken from the same bucket only the sec-
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ond mortar mixing took place after a particular time interval - one month later. The re-
sults of both tests of CEM 1 42,5 R correspond with each other very precisely. The results
of two CEM II/B-S 32,5 R tests deviate from approximately 1,5 MPa, which is a satisfying
result.
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Figure 44 - Comparison of repeated calibration

Figure 45 shows the influence of increased and decreased cement amount and the use
of concrete additions, particularly fly ash and limestone. Increased cement amount
(red) improved slightly compressive strength development. On the contrary, reduced
cement amount (green) slowed compressive strength development noticeably.
The cement amount was changed as the only parameter to get the first hands-on.
However, this adaption of a mix design should be done more systematically, similarly
as itis presented laterin Chapter 9.1, which deals with concrete mix designs. The con-
sistency of mortar should be considered, which varied, in this case, a lot. The flow cone
test of mortar with 500 g of cement reached a consistency of 22 cm, and the mortar
with 400 g of cement achieved only 12 cm (Table 7).

Mortar mix designs, where 90 g of cement was replaced by addition, reached similar
strength development as the mix design with reduced cement amount. Compared
to fly ash (black), a mix design with limestone (grey) performed slightly better results
(approx. + 1,5 MPa).
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Figure 45 - Comparison of different cement amount and use of additions

Figure 46 presents an influence of the water-cement ratio and superplasticizer. The re-
gression lines of mix designs with reduced and increased water-cement ratios consist
of three results only because the workability of the mortar was not optimal and valua-
ble for practice. However, it was essential to include those two mix designs to get bet-
terinsights into the topic and demonstrate the effect on compressive strength devel-
opment, which is significant. The flow cone test of cement mortar with reduced water
(grey) was 12,5 cm, and it was tough to compact the samples properly. Cement mortar
with increased water (light blue) was too fluid, achieving a flow cone test result
of 22,5 cm.

Additionally, bleeding of mortar was observed during the creation of the sample.
The mix design with a superplasticizer is crucial for investigating this topic because it
is a practical example where water is reduced, and consistency is kept with the help
of a superplasticizer. The water-cement ratio was reduced from 0,5 to 0,45, which re-
quired 3,0 g of superplasticizer. The flow cone test result was 16 cm, equal to the ref-
erence mix design. The influence of those measures on compressive strength devel-
opment is enormous, approximately + 6 MPa. By the way, that is also the reason why
superplasticizeris used in almost all concrete mixes.
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Figure 46 - Comparison of different water-cement ratio, use of superplasticizer
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Figure 47 - Comparison of different type of sand

77



ﬁ% Cement Mortar Tests in Laboratory

Figure 47 compares cement mortar mix designs with sand from different quarries.
A reference mix design uses CEN standards sand (acc. EN-196-1), as all above-pre-
sented mix designs. The remaining three regression lines represent the results
with mix designs using sand sampled at the concrete plant. One sample comes
from a quarry in the western part of the Czech Republic, and two from the Northern
region. The amount of water was slightly adapted to achieve consistency as with
CEN standard sand. Used dosages of water are presented in Table 6. It is evident that
the type of sand could significantly influence strength development. [32]

Figure 48 shows regression lines of three mix designs using real sand and includes
the validation sample results. In the case of sand B and C, validation was performed
from another batch of material sampled three months later. Initial results and valida-
tion results show a perfect correlation. The number of tested samples and batches is
too small to provide a reliable conclusion about possible deviations. However, the aim
of this investigation was to point out the importance of sand concerning compressive
strength. Grain-size curves of used sand samples can be seenin Figure 50, and pictures
of the samples in Figure 49.
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Figure 48 - Different type of sand, including validation samples
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Figure 49 - Used types of sand in experiments
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Figure 50 - Grain-size curve of used sand

Table 7 supplements the above-presented early-age strength data of mix designs with
the consistency of fresh mortar and 28-day compressive strength values. The tested

28-day results are also compared with 28-day compressive strength from the cement
data sheet.

Usually, the early-age results correspond very well with 28-day strength data. The only
exception is mix design SA-03 and SA-04, where the value of 28-day compressive
strength was expected to be much lower. Their early-age strength development is
much slower than that of the reference mix design CT-03, but 28-day compressive
strength is similar to CT-03, which is hardly explicable.

79



@ Cement Mortar Tests in Laboratory

Table 7 - Consistency and 28-day compressive strength of cement mortar mix designs

Consistency 28-day compressive
Phase Mix Used cement type [cm] strength [MPa]
design (cement plant) Flow cone Data
test Result| sheet | Deviation
CT-01 | CEM 42,5 R (Radotin) 17,0 56,6 | 59,7 3,1
€02 | cem142,5 R (Mokrd) 180 628 | 591 37
CT-02-2 17,8 57,7 | 59,1 1,4
Cement 1CT-03 | cen11/8-5 32,5 R (Radotin) 18 235 | 47 6.2
type | 1032 17,0 59,5 47 -12,5
CT04 | CEm 11/B-S 32,5 R (Mokré) 178 o4l | S0 141
CT-04-2 17,5 62,9 50 -12,9
CT-05 | CEM /B 32,5 L (Mokra) 17,0 70,2 | 46,7 23,5
Cement |CA-02 22,0 56,3 - -
amount | ~A_03 12,0 47,8 - -
Water / ce weol 222 - - -
ment ratio | WC-02 12,5 - - -
WC-04 15,8 59,2 - -
Fine SA-01 CEM 1I/B-S 32,5 R (Radotin) 16,0 38,4 - -
aggregates | SA-03 16,8 53,1 - -
(sand) | 5p 04 17,0 53,0 - -
Accelerator | AC-01 17,5 50,3 - -
Fly ash FA-01 19,3 41,9 - -
Limestone | S-01 17,5 42,2 - -

8.3.1 Validation and deviations

As mentioned in the procedure description, three prisms of each mix design were pro-
duced approximately a month after determining regression lines (calibration curves)
and tested as validation samples of a previously determined calibration curve. The re-
sults of validation samples are presented in this chapter. The calculated deviation is
the difference between calculated strength and tested strength. Calculated strength
is determined by the maturity method de Vree considering the temperature develop-
ment during hardening and previously experimentally determined calibration curve
of mortar mix design. An example of the mentioned comparison is well illustrated
in Figure 48.

Table 8 shows all individual results of validations, and Figure 51 presents a box plot
of deviations between calculated and tested values. Table 8 also introduces the safety
factor, which ensures the safety of estimated results by moving the regression line
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downwards toward the x-axis. The safety factor was calculated following the recom-
mended procedure in standard NEN 5970. The calculation of the safety factor is pre-
sented in Chapter 5.2.1. The deviations bigger than the safety factor and not fully cov-
ered by the safety factor are written in red. This happened in the case of only 7,7 %
of tests. [7]

The average deviation of -0,8 MPa and the mean value of the deviation of -0,5 MPa in-
dicate a slight systematic influence of the variations because the value of the two sta-
tistic values is not close to zero. The author of the thesis is unaware of any significant
errors during the procedure, and the deflection of average and median values is con-
sidered acceptable.
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0,0
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Figure 51 - Deviations of validation samples
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Table 8 — Deviations of validation samples

. . Compressive strength (tested) [MPa] Safety
Phase M!X Maltunty factor
design | [°Ch] Tested Calculated A (calculated - tested) [MPa]
CT-01 1584 36,3 35,2 -1,1 3,1
CT-02 1308 32,1 32,0 -0,1 2,6
1557 35,1 34,5 -0,6 2,6
cr.o3 | 2156 26,1 23,9 -2,2 2,6
3103 32,1 29,1 -2,9 2,6
Cement 3957 35,4 32,6 -2,8 2,6
type |14 | 2362 29,6 29,3 -0,2 2,3
3059 32,7 32,2 -0,4 2,3
3902 37,4 35,0 -2,4 2,3
cT.os | 2970 19,5 19,0 -0,5 1,8
3794 22,7 23,4 0,7 1,8
4540 26,5 26,5 0,1 1,8
cA02 | 2718 29,1 28,7 -0,4 2,5
3185 32,2 31,3 -0,9 2,5
Cement 3411 32,7 32,3 -0,3 2,5
amount | -, s 2557 22,2 22,1 0,0 2,5
2965 24,0 23,6 -0,4 2,5
3250 26,1 24,5 -1,5 2,5
Water/ |wc.oa | 2495 35,0 32,8 -2,2 2,8
cement 2963 37,2 35,0 2,1 2,8
ratio 3194 38,4 36,0 -2,3 2,8
sA01 | 2578 21,1 20,6 -0,5 3,0
3061 22,2 22,4 0,2 3,0
) 3341 22,8 23,3 0,6 3,0
Fine 1 03 |_2636 22,4 22,2 -0,2 2,1
e 3045 24,6 23,5 -1,0 2,1
(sand) 3329 25,7 24,4 -1,3 2,1
sA04 | 2630 23,9 24,7 0,9 2,3
3039 26,3 26,1 -0,2 2,3
3324 26,8 27,0 0,2 2,3
Accelera. | ACO1 | 2484 31,0 29,5 -1,5 2,5
tor 2951 32,3 31,8 -0,5 2,5
3177 34,2 32,8 -1,4 2,5
FA01 | 2567 22,5 20,8 -1,6 2,5
Fly ash 2973 24,4 22,4 -2,0 2,5
3250 25,1 23,3 -1,7 2,5
lires. |Ls01 | 2556 20,9 22,1 1,2 2,8
tone 2961 23,1 23,8 0,7 2,8
3244 23,7 24,8 1,2 2,8
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8.4 Summary

Performed experimental analysis confirmed that the maturity method documents
the changesin the mix design well,and the differences are clearly visible. From a linear
regression point of view, maturity and strength correlate very well because the coeffi-
cient of determination R? ranges from 0,96 to 0,99. All regression lines comprise six
strength results (exceptionally five results), and the average coefficient of determina-
tionis R? = 0,98. Experiments confirmed a significant influence of cement type, cement
amount and water-cement ratio on compressive strength development. Tests of dif-
ferent samples of sand from other quarries discovered a considerable impact of sand
on early-age compressive strength and strength in general. The same types of cement
from two various productions provided slightly different results. However, it is vital
to emphasise that those two productions belong to one company. Based on the au-
thor's practical experience, the same cement types from different producers can
evince different results.

Deviations observed during the validation testing are acceptable and prove
the method's accuracy in laboratory conditions. Only a minority of results (3 of 39) ex-
ceeded the calculated safety factor.

In total, 432 halves of prisms were tested by the author. The cement mortar investiga-
tion provided a perfect basis for planning further concrete tests in the field, which will
be much more crucial for the practice. In contrast to laboratory tests with relatively
stable conditions, the next phase took place at the actual concrete plant for one and
a half months, including possible changes which usually occur in practice.
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9 Concrete calibrations

This experimental part follows the previous cement mortar tests. The main aim is
to getan overview of the influences of different concrete mix design changes on com-
pressive strength development under the actual conditions of a concrete plant.
This research phase took place at the concrete plant TBG Metrostav in Prague. Most
of the materials used at this concrete plant were used for cement mortar tests as well.
Experiments were executed during September and October 2022.

Based on the result of cement mortar tests, the following adaptions of concrete mix
designs were planned: different cement types, amount of cement, grain-size curve,
the maximum size of aggregates, exchange of addition, and winter adaptions of a mix
design.

In addition to the mentioned adaptions, deviations were investigated by repeatedly
determining the calibration curve of a particular concrete mix design without any
change five times during the whole experiment's duration.

9.1 Methodology

All investigated concrete mix designs come from the concrete supplier because
the aim was to get relevant practical data directly from practice and avoid theoretical
concrete mix designs, which do not comply with requirements in practice. All the test-
ing was divided into five weeks. Three concrete mix designs were tested weekly — one
reference and two with some adaption. Eleven concrete mix designs were investi-
gated, including the reference one. The specification of the reference concrete mix de-
sign is the following:

C30/37 — X0, XC1-4, XD1-2, XF1, XAT = Cl 0,2 — Dimax =22 mm — 54

« Cement type and amount: CEM II/B-S 32,5 R, 360 kg/m?
* Addition and amount: fly ash, 58 kg/m?
o Water-cement ratio: approx. 0,5

The aim of the reference mix design was to get a benchmark for two concrete mix
designs with executed changes every week and get a clear picture of the current situ-
ation on the concrete plant. Since the conditions on the concrete plant change daily
(weather, materials), the reference concrete mix design allows comparison
within a testing week with little deviations. Moreover, all five results of the reference
concrete mix design from all five weeks provide information about possible variations
within the period of one and a half months. The schedule of testing is presented below:

«  Ttweek (06.09. — 10.09.2023) three cement types

o 2" week (13.09. — 17.09.2023) different cement amount

«  39week (20.09. — 24.09.2023) three grain-size curves

e 4" week (04.10. — 08.10.2023) additions (fly ash/limestone) and smaller Dmax

« 5"week(11.10. = 15.10.2023) winter mixes (shortened workability, accelerator)
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Three concrete mixes with different cement types were tested during the first testing
week. All three concrete mixes complied with strength class C30/37, but the first one
was mixed with CEMI1425R, the second with CEMII/B-S32,5R, and the third
with CEM 1lI/B 32,5 L. Some minor changes had to be implemented to reach suitable
and comparable fresh concrete properties. The parameters of the concrete mix de-
signs were not precisely the same but very similar. The mix design with the cement
CEM II/B-S 32,5 R was selected as a reference.

During the second testing week, concrete mix designs with different cement amounts
of CEMII/B-S32,5R were tested. Practically, it means testing the three different
strength classes C25/30, C30/37 (reference mix design), and C35/45. Other parameters
were slightly changed, especially the water-cement ratio and dosage of the superplas-
ticizer. Everything was adapted in accordance with the fundamental principles of con-
crete technology and the economical usage of cement. It means mix designs
with higher amounts of cement also had lower water-cement ratios. The aim was
to reach similar fresh concrete properties.

The third testing week was dedicated to the grain-size curve. Besides the reference
concrete mix design, one mix design with a finer and one with a coarser grain-size
curve was tested. The main effort was again to keep most of the parameters very sim-
ilar apart from the grain-size curve. Different grain-size curves were reached by mixing
two types of sand. The coarse grain-size curve consists of one sand type. Standard and
fine grain-size curves are combined from two sand types.

The fourth testing week combined two topics: the use of additions and the smaller
maximum aggregate size. The reference mix design contains 58 kg/m? of fly ash.
The second mix design uses limestone instead of fly ash, and the third uses a maxi-
mum aggregate size of Dmax= 16 mm. Adapting the concrete mix design from
Dmax = 22 mMm to Dmax = 16 mm required other minor changes, especially an increase in
cement amount (+10 kg/m?3) and superplasticizer. However, the target was an alterna-
tive with a smaller aggregate size, which is usually used for complicated shapes and
structural elements with tight reinforcement or more effortless pumping.

Three concrete mixes in the fifth testing week dealt with winter measures. Besides
the reference concrete mix design, two winter-times mix designs were mixed — one
with a shortened workability time and one with a setting accelerator.

A more detailed description of tested concrete mix designs is presented with the re-
sults (Chapter 9.3.1). Since the actual concrete mix designs were used for investigation,
the authoris not allowed to share all details about the mix design (such as dosage and
type of admixtures and detailed grain-size curves of the mixes).
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Figure 52 - Batching of the concrete before testing [photo: author]

9.2 Procedure

The testing procedure was the same for all tested concrete mixes and consisted
of fresh concrete and compressive strength tests. The concrete mix was mixed
at the concrete plant, batched into the concrete truck and a sample of approx. 150 |
of concrete was poured from the truck into the plastic tank. Afterwards, the plastic tank
was transported to the lab, just several meters from the batching plant. Before the be-
ginning of the testing and in between the tests, concrete was homogenized by mixing
with a shovel and trowel. The following tests were performed:

The consistency of the concrete mix was determined by performing a slump
test in compliance with EN 12350-2. [62]

Determination of density was done according to EN 12350-6. A vessel
from a pressure meter was filled with concrete and weighted. The vessel’s vol-
ume of 8 | and dimensions comply with EN 12350-1 requirements. [45; 63]

Air content was determined with a pressure meter according to principles
stated in EN 12350-7. [64]

The amount of water was calculated based on a dried fresh concrete sample.
A weighted batch of approx. 4 kg of fresh concrete was placed on the metal
sheet and dried for 48 hours in a drying chamber at 105°C. The dried sample
was weighted, and the water content was calculated as a difference between
the weight before and after the drying.

Six standard concrete cubes (150x150x150 mm) were produced
(acc. EN 12390-2) and placed into an insulated calibration box, where the tem-
perature during hardening was measured. Concrete cubes were later tested
in the laboratory following the calibration procedure described in NEN 5970
(Chapter5.2.1). The target value for the calibration was 70% of the 28-day value.
The aim was to get arange of calibration curve in compliance with the standard.
It means a maximum + 8 MPa from the target value. [7; 46]
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e Three validation samples were prepared into standard new plastic moulds
(acc.EN 12390-2), covered with a piece of plywood, and stored in the same tem-
perature conditions. The temperature of one sample was monitored continu-
ously. When the estimated strength reached the calibration range, all three
samples representing one concrete mix were tested simultaneously, and
the strength calculated based on the maturity method was compared with the
tested strength, as described in Chapter 5.4. The target of the validation was
to get more data about the accuracy of the method when the possible devia-
tions were minimal because calibration and validation were performed
from the same batch of concrete. The only difference was in the curing temper-
ature of calibration and validation samples, which were monitored. [46]

e Additionally, to those tests performed by the thesis author, the concrete sup-
plier tested 2-day, 7-day, 28-day, and 90-day strength and water-tightness.

Figure 54 - Determination of w-c ratio, concrete calibration, validation samples [photo: author, R. Syka]

9.3 Results

The results of the tests mentioned above are presented in this chapter. First, the dif-
ferences between the strength development of different concrete mix designs are
shown. Calibration and validation results are expressed graphically in the figures. Later,
the validation results, fresh concrete tests and standard compressive strength tests
are presented in the tables. Repeated calibration of the reference concrete mix design,
which was calibrated every week, is evaluated at the end of the chapter.
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9.3.1 Comparison of different concrete mix designs

The graphs are similar to the ones from the cement mortar tests — maturity at the
X-axis in the logarithmic scale and compressive strength at the y-axis in the linear
scale. Each calibration line consists of five calibrations results — compressive strength
results of five individual cubes stored in a calibration box and tested at different ma-
turity values. One red point per concrete mix represents a validation result evaluated
laterin the following chapter.

The description of all three concrete mix designs related to the graphis always written
above each graph. The mix design identification code in the bracket (e.g. TW-1R) is
used later to present other properties in the following tables. Changes in the concrete
mix design, which were crucial for each testing week, are highlighted in bold letters.
The reference concrete mix design — the one which was the same as a benchmark
every week is presented in orange always.
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Comparison of concrete mixes with three different cement types:

Concrete 1 (TW-1R): C30/37 — X0, XC1-4, XD1-2, XF1, XAT — Cl 0,2 — Dpmax = 22 mm — S4
e CEMI142,5R: 350 kg/m3, fly ash: 60 kg/m3, w-c ratio: 0,42

Concrete 2 (TW-2R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dmax = 22 mm — 54
e CEMII/B-S 32,5 R: 360 kg/m? fly ash: 58 kg/m?> w-c ratio: 0,47, reference

Concrete 3 (TW-3R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dmax = 22 mm — 54
e CEMIII/B 32,5L: 370 kg/m?3 fly ash: 32 kg/m?, w-c ratio: 0,49
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Figure 55 — Comparison of compressive strength development - three cement types

Figure 55 compares three concrete mixes, which uses different cement type. The con-
crete specification is the same, the cement dosage is almost equal, and the fly ash
dosage is similar. The water-cement ratio is slightly different to keep workability and
a reasonable dosage of admixtures. Since the compressive strength class is the same
C30/37, the target value of the calibration line is also the same — 70% of the 28-day
value, which is 26 MPa. The recommended calibration range by the NEN 5970
18 MPa — 34 MPa was almost kept. The results show a massive influence of cement
type on compressive strength development. [7]

The difference could be demonstrated at the required maturity for reaching the target
value. C30/37 with CEM 142,5 R needs 900 °Ch to reach 26 MPa, which means, for exam-
ple, 1,5 days of hardening at a constant concrete temperature of 20°C. C30/37
with CEM 1I/B-S32,5R needs 1840°Ch to reach 26 MPa, corresponding to 3 days
of hardening at a constant concrete temperature of 20°C. C30/37 with CEM III/B 32,5 L
needs 3870 °Ch to reach 26 MPa, equal to one week of hardening at a constant tem-
perature of 20°C. Concrete mix with CEM II/B-S 32,5 R requires two times more maturity
than concrete mix with CEM142,5R to reach the value of 26 MPa. The same applies
to comparing concrete mix with CEM I1I/B 32,5 L and CEM II/B-5 32,5 R.
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Comparison of concrete mixes with different cement amounts:

Concrete (2W-3R): C35/45 — X0, XC1-4, XD1-3, XF1, XA1 — Cl 0,2 — Dmax =22 mm — 54
e CEMII/B-S32,5R: 410 kg/m?3 fly ash: 48 kg/m?> w-c ratio: 0,47

Concrete (2W-2R): C30/37 — X0, XC1-4, XD1-2, XF1, XAT — Cl 0,2 — Dmax = 22 mm — 54
« CEMII/B-S 32,5 R: 360 kg/m?, fly ash: 58 kg/m?> w-c ratio: 0,50, (reference)

Concrete (2W-1R): C25/30 — X0, XC1-2 — Cl 0,2 = Dmax = 22 mm — 54
e CEMII/B-S 32,5 R: 310 kg/m?> fly ash: 68 kg/m?> w-c ratio: 0,62
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Figure 56 — Comparison of compressive strength development - different cement amount

Figure 56 compares three concrete mix designs with different cement amounts, natu-
rally leading to three other compressive strength classes (C25/30, C30/37, C35/45).
The water-cement ratio was not kept at the same value and was adapted according
to the principles of concrete mix design. The values of the water-cement ratios pre-
sented above (in the specification of three mixes) are the results of a drying test.
Two of them do not meet the requirements of the above-written specification
acc. EN 206+A2, but this topicis clarified later, together with the result of fresh concrete
tests (Chapter 9.3.3). [35]

The target values of calibration lines are 70% of the 28-day compressive strength
value. Since the strength classes are different, target values are also different (21 MPa,
26 MPa, 31,5 MPa), and the ranges of calibration lines are also different (13 - 29 MPa,
18 - 34 MPa, 23,5-39,5MPa). Because all calibration lines lie at the same maturity
range, the difference between the concrete mixes is easier to imagine, even on a log-
arithmic scale. Investigated cement amounts show approximately direct proportion
to concrete mix compressive strength development because both increases of ce-
ment amount, from 310 to 360 kg/m? and from 360 to 410 kg/m?3, show a similar in-
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crease in compressive strength development, visible as the equal vertical distance be-
tween lines. Additionally, the higher the compressive strength class is, the faster it
reaches the target value. C35/45 needs 1940 °Ch to reach the target of 31,5 MPa (70%
of 28-day strength). C30/37 needs approximately 300 °Ch more = 2220 °Ch to reach
the target of 26 MPa (70% of 28-day strength). C25/30 needs about 600 °Ch more
= 2650 °Ch to reach the target of 21 MPa (70% of 28-day strength), which means an
additional 1,5 days of hardening at a constant concrete temperature of 20°C compared
to C35/45.

The subsequent comparison of three concrete mixes with different grain-size curves
was primarily executed by mixing two types of sand in different ratios. Reference con-
crete mix and concrete mix with finer grain-size curve combine two types of sand —
sand B and sand D. Concrete mix with coarser grain-size curve uses Sand B only.
The author is not allowed to share the names of the quarries, the detailed properties
of sand, and details about the grain-size curves of concrete mixtures. For the demon-
stration, at least grain-size curves of used sand are presented. Figure 57 shows grain
size curves of both used sand, which the author tested on a sample of sand.
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Figure 57 - Grain size curve of used sand
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Comparison of concrete mixes with different grain-size curves:

Concrete (3W-1R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dimax =22 mm — 54
e CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,46
e Coarser grain-size curve

Concrete (3W-3R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dimax =22 mm — 54
e CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,49
* Reference grain-size curve

Concrete (3W-2R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dimax =22 mm — 54
» CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,50
* Finer grain-size curve
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Figure 58 - Comparison of compressive strength development — three grain size curves

Figure 58 compares three concrete mixes adapted for three different grain-size curves.
The aim was to keep the consistency of all three mixes similar to reach a concrete mix
with equal specifications. The amount of water was slightly increased with an increas-
ing surface of aggregates.

The difference between concrete with coarse and reference grain-size curves is
2,1 MPa, and the difference between concrete with reference and finer grain-size
curves is 1,9 MPa. In total, the extremes differ from each other by about 4 MPa. The re-
sults underline fine aggregates' importance in compressive strength, as was already
observed during cement mortar tests (Chapter 8.3). That also confirmed the im-
portance of experimental determination of the maturity-strength relationship, so-
called concrete calibration acc. NEN 5970, at the concrete supplier with commonly
used materials, if the maturity method is used for strength determination on the con-
struction site. [7]
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Comparison of concrete mixes with two different additions and smaller Dax:
Concrete (4W-1R): C30/37 — X0, XC1-4, XD1-2, XF1, XAT — Cl 0,2 — Dmax = 22 mm — 54
e CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,47, reference
Concrete (4W-2R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dmax = 16 mm — 54
e CEMII/B-5325R:370 kg/m?3, fly ash: 66 kg/m?3 w-c ratio: 0,49

Concrete (4W-3R): C30/37 — X0, XC1-2 = Cl 0,2 — Dmax = 22 mm — 54
e CEMII/B-5 325 R: 360 kg/m? limestone: 58 kg/m?, w-c ratio: 0,51
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Figure 59 - Comparison of compressive strength development - smaller Dmax, additions (fly ash, limestone)

Figure 59 compares reference concrete mix, concrete mix with a smaller maximum
grain size and concrete mix with limestone. As written in the specification above, two
types of additions are used: fly ash and limestone. The reference concrete mix design
and the mix design with limestone use identical dosages — 58 kg/m3, which allows
exact comparison. Concrete mix with limestone shows slower compressive strength
development with a difference of approximately 3 MPa. However, it is necessary
to consider that measured water content of both concrete mixes differs slightly.

The calibration line of concrete mix adapted to a smaller maximum size of aggregates
helps to answer quite common question in practice. If the calibration for a particular
concrete mix design with Dmax 22 mm is done but an alternative with Dmax 16 mm is
needed, e.qg. because of pumping of concrete or more tight reinforcement of structural
element, there is usually a question: Does the calibration need to be done again
forDmax 16 mMm or what can be the difference between concrete mix design
wWith Dmax 16 mm and 22 mm? The result proved that concrete with a smaller maximum
grain size shows slightly slower strength development, about 1,6 MPa, which is not
significant. The same calibration line could be used if a possible difference
of 1,5 — 2 MPa is considered. The result matches well with previous investigations
of different grain size curves, where coarser grains reached higher strength.
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Comparison of concrete mixes with winter measures:

Concrete (5W-1R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dmax =22 mm — 54
e CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,49
* Reference concrete mix design

Concrete (5W-2R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dimax =22 mm — 54
» CEMII/B-5325R: 360 kg/m?3 fly ash: 58 kg/m? w-c ratio: 0,48
e Shortened workability

Concrete (5W-3R): C30/37 — X0, XC1-4, XD1-2, XF1, XA1 — Cl 0,2 — Dimax =22 mm — 54
e CEMII/B-5325R: 360 kg/m? fly ash: 58 kg/m? w-c ratio: 0,48
e Shortened workability and added setting accelerator
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Figure 60 - Comparison of compressive strength development - shortened workability, setting accelerator

Figure 60 compares the reference concrete mix design and two mix designs adapted
for cold weather concreting. Both mix designs have different mixtures of used admix-
tures. The first has shortened workability, and the second contains even a setting ac-
celerator.

The compressive strength development of both concrete mix designs is slightly slower
at a later age. However, the hardening is not influenced dramatically. The difference
compared to the reference mix design is approx. 1,4 MPa in the range around the tar-
get value. Winter concrete mix design need maturity approx. of 440 °Ch more to reach
the target value of 26 MPa. It is equal to 15 hours more at a constant concrete temper-
ature of 10°C.

Figure 61 illustrates the development of penetration resistance of all three mixes.
This is shared only as complementary information for a better explanation of the be-
haviour of those concrete mixes at a very early age. The development of penetration
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resistance in time was measured during the determination of setting time acc. CSN
731332.[65]
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Figure 61 — Development of penetration resistance

9.3.2 Validation results

The validation results presented in the figures above are evaluated in Table 9. One test
result (in column “tested value”) is an average compressive strength value of three
cubes tested at a specific maturity value. Those three samples were stored in covered
plastic moulds in slightly colder conditions than the calibration samples. The temper-
ature of one cube was monitored, and the remaining two cubes were supposed
to have very similar temperatures. The testing of the cubes was performed when
the estimated strength was within the range of calibration, which was done in parallel
with validation.

The safety factor in the table was calculated according to standard NEN 5970
(Chapter 5.2.1), which typically reduces the calculated compressive strength
by the maturity method. The calculated difference in Table 9 does not include any
safety factor. It is purely the compressive strength estimated by the maturity method
(excl. safety factor) subtracted from the destructively tested strength. A negative re-
sult means that the maturity method provides a higher value than the actual tested
value. The safety factor is considered and shown in the safety margin, which indicates
how safe the estimated result by maturity method is, including the safety factor.

The safety factor safely covered most of the compressive strength results calculated
by the maturity method. Only one result (1W-3R) deviates 3,3 MPa from the tested re-
sults, and the safety factor of 2,5 MPa is insufficient to cover this high deviation. Most
of the results estimated by the maturity method are more optimistic than the tested
values. The average deviation of -1,27 MPa and the mean value of the deviation of
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-1,3 MPa indicates a slight systematic influence of the variations because the value

of the two statistic values is not close to zero, as presented in Figure 62.

Table 9 - Results of validation samples

Concrete mix design Validation
Maturity method Destructive
test )
Difference
Strength Strength (tested - Safety
No. Description incl. | Safety| excl. Tested margin
measured)
safety | factor| safety value [MPa] [MPa]
factor | [MPa]| factor [MPa]
[MPa] [MPa]
1W-1R |CEM | 23,1 3,1 26,2 26,4 0,2 3,3
1W-2R |CEM II/B-S 22,0 2,7 24,7 22,6 2,1 0,6
1W-3R |CEM IlI/B 17,3 2,5 19,8 16,5 3,3 -0,8
2W-1R |C25/30 16,1 2,4 18,5 17,9 -0,6 1,8
2W-2R | C30/37 22,6 2,8 25,4 23,5 -1,9 0,9
2W-3R | C35/45 25,7 2,9 28,6 26,9 -1,7 1,2
3W-1R | Coarse-grained 24,3 2,9 27,2 25,7 -1,5 1,4
3W-2R | Fine-grained 21,2 2,7 23,9 22,9 -1,0 1,7
3W-3R | Reference 23,9 3,0 26,9 26,1 -0,8 2,2
4W-1R |Reference 24,7 3,0 27,7 26,4 -1,3 1,7
4W-2R |Dmax 16mm 23,7 2,9 26,6 26,7 0,1 3,0
4W-3R |Limestone 21,7 2,8 24,5 23,7 -0,8 2,0
5W-1R |Reference 21,0 2,4 23,4 21,8 -1,6 0,8
5W-2R |"R" 19,6 2,5 22,1 21,0 -1,1 1,4
5W-3R |"R" + Accelerator 19,2 2,2 21,4 19,7 -1,7 0,5
3,0
%
2 2,0
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Figure 62 - Results of validation - box plot
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The author tried to avoid systematic influences during the validation as much as pos-
sible. Concrete samples for calibration and validation were created from the same
batch of concrete, and the validation samples were prepared right after the calibration
samples.

9.3.3 Results of test of fresh and hardened concrete

Table 10 presents the fresh concrete tests of the concrete mix designs shown above
(for a more transparent overview, some of the results are given in a scale of colours).
The specified consistency class of all mix designs was S4, which requires a slump test
between 16 cm and 21 cm. The standard EN 206+A2 allows a margin of £3 cm. Most
concrete mixes fulfil the specified consistency if this margin is considered. Only two
of them had a lower slump (10 cm, 12 cm = S3), and two had a higher slump (25 cm,
26 cm = S5). Values of air content vary from 1,8 to 2,9 %, which are typical values
in practice. The density of fresh concrete shows relatively stable results
from 2294 kg/m?3 to 2345 kg/m?3. Two values of the water-cement ratio are presented
— the value calculated by the mixing software and the tested value (by drying the sam-
ple). [35]

Table 10 - Results of fresh concrete tests

Concrete mix design Slump test Water-cement ratio
Slump | Consis- Ai:ecrﬁn- Densitay W-C ami)tjrrlt W-C A
No. Description [cm] | tency [%] fke/m] mixing | (tested) |tested| w-c
[kg/m’]

1W-1R |CEM | 24 S5 2,9 2334 0,37 157,0 0,42 | 0,05
1W-2R | CEM II/B-S 24 S5 1,9 2309 0,36 174,6 0,47 (0,11
1W-3R | CEM IlIl/B 26 S5 1,8 2318 | 0,41 183,2 | 0,49 | 0,08
2W-1R |C25/30 10 S3 2,5 2309 0,53 201,5 0,62 | 0,09
2W-2R | C30/37 12 S3 2,7 2311 0,45 186,5 0,50 | 0,05
2W-3R | C35/45 24 S5 2,2 2296 0,38 199,2 0,47 | 0,09
3W-1R | Coarse-grained 24 S5 1,9 2345 0,36 169,7 0,46 | 0,10
3W-2R |Fine-grained 25 S5 2,1 2294 0,40 186,8 0,50 | 0,10
3W-3R |Reference 24 S5 2,0 2311 0,39 183,5 0,49 | 0,10
4W-1R | Reference 22 S5 2,5 2340 0,44 173,9 0,47 | 0,03
4W-2R | Dmax 16mm 21 S4 2,8 2318 0,43 188,1 0,49 | 0,06
4W-3R |Limestone 21 S4 2,0 2335 0,46 185,2 0,51 | 0,05
5W-1R | Reference 22 S5 2,2 2311 0,43 182,4 0,49 | 0,06
S5W-2R |"R" 23 S5 1,9 2306 0,43 180,0 0,48 | 0,05
5W-3R | Accelerator 21 S4 1,9 2325 0,41 177,0 0,48 | 0,07

97



% Concrete calibrations

Those two values differ from each otherup to O,11. The water absorption of aggregates
could influence this because the mixing software could use a lower estimation
of the moisture of aggregates. In the case of two concrete mix designs (2W-1R,
2W-3R), the tested water-cement ratio did not meet the requirements of the exposure
class.

Table 11 - Results of hardened concrete

Concrete mix design Hardened concrete

2-day 7-day 28-day 90-day E:E;Tr:f
el P I B B A P

[MPa] | [MPa] | [MPa] | [MPa] ‘[Nr:::]r
1W-1R |CEM | 2343 30,9 43,7 52,9 64,1 24
1W-2R | CEM II/B-S 2353 18,1 33,6 50,0 62,7 18
1W-3R |CEM III/B 2313 11,1 23,9 47,5 63,3 19
2W-1R |C25/30 2276 14,0 24,5 37,8 48,2 8
2W-2R |C30/37 2303 19,3 30,8 45,2 55,6 16
2W-3R |C35/45 2334 23,1 36,4 53,0 63,7 10
3W-1R | Coarse-grained | 2348 12,0 36,9 51,5 68,8 5
3W-2R | Fine-grained 2296 11,3 32,8 47,1 58,5 5
3W-3R | Reference 2313 15,5 32,8 51,7 64,2 6
4W-1R | Reference 2323 19,0 34,5 48,6 63,2 28
4W-2R |Dmax 16mm 2297 19,9 35,5 49,0 61,6 12
4W-3R |Limestone 2355 16,9 33,8 44,0 56,8 8
5W-1R | Reference 2313 14,0 32,6 48,3 59,6 15
5W-2R |"R" 2308 13,9 32,5 45,9 61,2 5
5W-3R | Accelerator 2337 12,7 30,4 44,1 58,3 6

Table 11 shows tests of hardened concrete: density, compressive strength and depth
of penetration. Compressive strength was tested after two, seven, twenty-eight and
ninety days. The process used at the concrete supplier was followed to get results
from practical curing conditions, as they normally do. After the sampling, samples
were stored in the storage of the concrete supplier, where the temperature is not con-
stant and could be influenced by factors such as outside temperature, open doors, or
room heating. The next day, the samples were transported to the lab, demoulded and
placedinto a water bath atapproximately 20°C. Samples were stored in the water bath
until the testing. 2-day samples are unsuitable for interpretation of the results because
half of the storage time (first day) is at unknown temperature conditions. Moreover,
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the samples are not often tested precisely after two days in practice, which could quite
influence the results, especially within this short period (two days). However, 7-day
samples are suitable for observing the early-age strength because most of the storage
time, more precisely 6/7, is at defined conditions (water bath at 20°C), and if the sam-
ple is tested a bit later or earlier, the difference is not that significant. Strength results
are discussed in more detail during the evaluation of repeated calibration below.
The results of density show consistent values. The maximum water penetration depth
was 28 mm, which is still acceptable for used concrete mix designs.

9.3.4 Repeated calibration of the reference concrete mix design
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Figure 63 - Repeated calibration of the same concrete mix design

Figure 63 compares calibration lines of the same (reference) concrete mix designs, ex-
ecuted five times within 1,5 months. The calculated safety factor of all calibration lines
varies from 2,4 MPa (5" week) to 3,0 MPa (3" and 4" week). In this case, the main influ-
ence of safety factors is the calibration range's mean value. In calculating the safety
factor, the estimation of the 28-day value of the mean strength (characteristic cube
strength + 8 MPa) is used instead of the actual average tested strength because
the value is usually unavailable if calibration is executed in practice (equation in Chap-
ter 5.2.1).

The calibration lines of four concrete batches provided similar results, and safety fac-
tors safely covered deviations between them. The exception is the calibration
from the second week, where the line was significantly lower. The safety factor of this
calibration line (2,8 MPa) is insufficient to cover the decreased strength values com-
pared to the results from the third or fourth week. Those results initiated the experi-
mental part of repeated validation, which is presented in Chapter 10.
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Table 12 presents test results related to batches shown in Figure 63. Concrete mix
from the second testing week with low calibration values also evinced different con-
sistency and the lowest 7-day and 28-day compressive strength compared to others.

Table 12 - Results of tests - repeated calibration

Slump test Density Water-ct?(r:ent ra- Hardened concrete
Air
No con” Amount 7-d 28-d
" |Slump| Consis- tent P of water|  wjc Density cc;mag co_mzy
t % kg/m?3 kg/m3 ' '
[em] ency %] [ke/m’] [kg/m3] [kg/m?] strength | strength
[MPa] [MPa]
1W-2R| 24 S5 1,9 2309 174,6 0,47 2353 33,60 50,00
2W-2R| 12 S3 2,7 2311 186,5 0,50 2303 30,80 45,17
24 S5 2,0 2311 183,5 0,49 2313 32,80 51,66
4W-1R| 22 S5 2,5 2340 173,9 0,47 2323 34,50 48,63
5W-1R| 22 S5 2,2 2311 182,4 0,49 2313 32,60 48,32

9.4 Summary

Executed experimental analysis clarified the influences of changes in the concrete mix
design on the compressive strength development. In total, 15 batches of concrete
were analysed, and 135 early-age samples were created. The change in cement type
and the noticeable increase or decrease in cement amount (£50 kg/m?) influence
compressive strength significantly. The different amounts of cement (310, 360,
410 kg/m?3) proportionally changed strength development in the investigated calibra-
tion range. Modification of the grain-size curve affects the compressive strength visibly
(within 4 MPa). It emphasises the importance of sand as a local material and the im-
portance of calibrating concrete. Fly ash substitution for limestone results in a visible
drop of approximately 3 MPa, especially in later ages. Adapting the concrete mix de-
sign for a smaller maximum grain size (from 22 mm to 16 mm) causes only a slight
decrease in strength development of about 1 — 2 MPa. The same applies to standard
winter measures such as shortened workability or usage of a setting accelerator.

Five repeated calibrations provided four similar calibration lines and one line with sig-
nificantly lower strength values. The drop in compressive strength was also observed
inregulartests (such as 7-day and 28-day specimens). The following experimental part
is planned based on those results, where calibration is repeatedly validated
on the construction site. This investigation directly provides a more transparent over-
view of deviations on the construction site. The place of experimental work moves now
from the concrete supplier to the construction site, where even higher variations are
expected.
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10 Concrete validation

The results of the previous experimental part at the concrete plant indicated possible
deviations which could occurin practice. This experimental part investigates the topic
of variations in concrete production in more detail directly at the construction site be-
fore pouring concrete. The aim was to include most of the possible deviations
from concrete production till concrete pouring, except those which can occur during
concrete pouring into a structure.

The experiment was based on the principle of validation acc. NEN 5970, which is de-
scribed in Chapter 5.4. Calibration of a particular concrete mix desing was done
at the concrete plant. Then, the calibration curve was regularly validated on the con-
struction site using concrete samples produced during concrete pouring and tested
at the concrete laboratory. The sampling and testing were distributed over half a year
to receive the results from different weather conditions. [7]

10.1 Procedure

The experiment was performed at a particular residential project in the southern part
of Prague, Czech Republic. The concrete plant which supplied concrete for the project
was situated approximately 8 km from the construction site. Two concrete mix de-
signs, which were mainly used for walls, were calibrated and regularly validated.
The concrete specification was C25/30 = XC2 = Cl 0,2 = Dmax =16 mm — S3. The con-
crete mix design for the wall on that particular construction site, which could also be
used for a slab, was chosen purely because of the practical reason — walls are poured
more often than slabs. The target value was considered as 70% of the characteristic
28-day value, which means 21 MPa because the aim was to investigate slab scenarios
= estimating the time for removal of slab formwork. The safety factor was calculated
in accordance with NEN 5970, particularly 2,7 and 2,9 MPa. [7; 66; 67]

Regularvalidation sampling from the concrete truck was usually done on the construc-
tion site twice a month. The testing took place from 12/2021 to 05/2022. The whole
validation process was repeated continuously in the same way to avoid any additional
deviations related to different sampling, sample curing and testing.

At first, a concrete sample was taken from a concrete truck during concrete pouring
on the construction site (Figure 64). After that, three samples (cubes) were created and
stored in the site office for approximately three days at an ambient temperature of
around 20°C (Figure 64). Creation and storage of samples complied with EN 12350-1
and EN 12390-2. The temperature of all samples was recorded, and compressive
strength was calculated. When the computed value came closer to the target value,
samples were transported to the laboratory and tested in a compressive strength test-
ing machine following EN 12390-3. In the end, both values (calculated and tested) were
compared and assessed in comparison with the safety factor acc. NEN 5970. The au-
thor of the thesis did all the steps mentioned above, which did notintroduce additional
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deviations in the process because everything was created and tested by one person
using the same procedure. [7; 44; 45; 46]

= — S Ve ‘,xx.,;r.,«‘ e ,l .r ek = ?\"‘Lf
Figure 64 - Prepared samples (left), curing conditions and monitoring (right) [photo: author]

Three samples per validation were always created, but only two of them were moni-
tored during the hardening if the third sensor had to be used in another project. That is
the reason why, several times, only two results per validation are presented.

10.2 Results

The following concrete mix designs were calibrated within the experimental part
Calibration 15.11.2021: C25/30 — X0, XC1-2 = CI 0,2 = Dmax =22 mm — 53

e CEMII/B-5325R: 320 kg/m3 fly ash: 32 kg/m? limestone: 22 kg/m?3, w-c: 0,54
Calibration 21.02.2022: C25/30 — X0, XC1-2 = CI 0,2 = Dmax =16 mm — 53

e CEMII/B-5325R: 330 kg/m?3 fly ash: 65 kg/m? limestone: O kg/m?3 w-c: 0,50

e + setting accelerator
Calibration 09.05.2022: C25/30 — X0, XC1-2 = ClI 0,2 = Dmax =16 mm — 53

e CEMII/B-5325R: 330 kg/m? fly ash: 35 kg/m? limestone: 26 kg/m?3 w-c: 0,51

The prepared calibration curve (from 15.11.2021) was not used because of the change
in delivered concrete mix to the construction site. The following two calibration curves
were validated several times. The concrete mix design with a setting accelerator was
used mainly in winter and early spring. The concrete mix design without a setting ac-
celerator was used in later spring.

The calibration curves of all three mix designs are very similar (Figure 65). The maxi-
mum difference between them is about 3 MPa. Slightly slower compressive strength
development in the case of the concrete mix design with a setting accelerator com-
pared to the concrete mix design without an accelerator confirms the findings
from the test at the concrete plant (Chapter 9.3.1). The difference between concrete
mix designs with Dmax = 16 mm and Dmax = 22 mm contradicts the finding in Chapter
9.3.1. In this case, the mix design with a maximum aggregate size of 16 mm shows
slightly faster strength development. However, the difference is negligible, and
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the time between both calibrations is more than half a year when many changes could
occur.
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Figure 65 - Calibration curves of tested concrete mix designs

Figure 66 shows the sampling dates of validation samples, including the ambient and
fresh concrete temperatures. It proves that fresh concrete temperature was quite sta-
ble during the whole experiment, especially in the winter when fresh concrete tem-
perature varies between 11,8°C and 16,8°C. During winter time, concrete plant uses
heated water for concrete production. Figure 66 also confirms that the whole experi-
ment covers different temperature conditions varying from 0,3°C to 22°C. Besides
the temperature range, different weather was experienced (such as snowfall, rain, or
sunshine).
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Figure 66 - Sampling dates, ambient temperature and fresh concrete temperature
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Figure 67 presents the validation results of the winter concrete mix design with a set-
ting accelerator. Regularly destructively tested validation samples are given as circular
points based on measured and calculated maturity. The results of calibration samples
are shown as orange triangles. The orange line represents the calibration curve, and
the dashed red lines show the safety factor value subtracted and added to the calibra-
tion curve. The safety factor for this specific calibration curve was 2,7 MPa and was cal-
culated based on a determined standard deviation of the production according to
the standard NEN 5970. A calibration curve with subtracted safety factors should be
used in the construction projects of reinforced structures. In the presented case, it
would be the dashed red curve below.

In this case, the maturity method would overestimate every result below the lower red
dashed line because the negative deviation is higher than the safety factor. All results
are almost evenly distributed within the safety range. The only exception is one result
from the first validation, slightly above the upper dashed line. However, this deviation
is safe because the calculated result is underestimated compared to the actual one.
Seven sets of validation samples proved acceptable deviations, covered by a safety
factor.
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Figure 67 — Validation results performed on the construction site — winter concrete mix

Figure 68 presents the validation results of the summer concrete mix design without
a setting accelerator. Circular and square-shaped points represent regularly tested
validation samples. However, square-shaped points indicate concrete adaption
by adding additional water to the concrete mix on the construction site. This negative
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adaption seems to be the reason for the insufficient performance of the concrete mix
during validation no. 5 and 12. Higher negative deviation also occurred during valida-
tion no. 9, but the difference between the safety factor and the highest deviation
of 0,8 MPa could still be acceptable.
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Figure 68 - Validation results performed on the construction site - summer concrete mix

10.3 Summary

The experimental analysis investigated the deviations of the maturity method
in the practice. Sixty-three samples were created in the field, including some comple-
mentary testing. Performed validations confirmed that the maturity method allows
the safe determination of compressive strength on the construction site because most
of the validations were successful. In detail, ten validations provided results
within the range of safety factors. Adding water to the concrete affected two valida-
tions, resulting in lower strength results. One validation resulted in a slightly lower
strength value.

The observation of unprofessional adaption of a concrete mix by added water and
lower early-age performance of concrete confirms the importance of site discipline.
The issue of additionally added water on the construction site, and its influence
on the strength development of concrete was identified as an essential topic and is
investigated in the following experimental part. Besides that, routine quality checks
at the concrete supplier are necessary for stable quality.
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11 Influence of added water

The primary motivation to start this experimental part was previous experiment re-
sults and observation of adding water to the concrete mix on the construction site.
The motivation of workers to ask concrete truck drivers to add water to the concrete
mix is the more effortless workability of concrete. Additional water in concrete
changes the consistency and makes the concrete mixture more liquid. It makes pour-
ing easier and increases the probability of successfully filling complicated shapes.
It could be the easiest and cheapest way to modify concrete consistency, but only
from the worker's or foreman’s point of view.

However, this adaptation of the concrete mix does more harm than good. Additional
waterin the concrete mix makes the hardened concrete more porous and worsens the
properties (such as compressive strength, water tightness, carbonation resistance,
and others). Higher water content also increases the risk of segregation. This proce-
dure is not correct, and another approach should be taken.

At first, suitable concrete consistency should be ordered considering the type of struc-
ture, its shape, reinforcement ratio, and pouring procedure. It means ordering concrete
mix with consistency class (e.g. S4) rather than trying to save some euros by ordering
(e.g. S3), which will be later adapted on the job site with additional water.

If the consistency of the delivered concrete does not comply with the ordered one,
the following procedure should be taken. The actual consistency should be tested,
e.g. by performing a slump test. If the concrete is less fluid than it should be and
the tested value confirms that (e.g. S3 instead of S4), consistency could be adapted
using the recommended superplasticiser from the concrete supplier. Before using su-
perplasticiser, the person who doses superplasticiser should climb up the ladder
on a concrete truck to see the inside of a concrete drum. Concrete should be ,un-
screwed” as close as possible to the feed opening. After applying the recommended
dosage of suitable superplasticiser, the spot where the superplasticiser was poured
should be washed with a small batch of water (e.g. 5 litres). It will later support the dis-
tribution of superplasticiser within the concrete batch. Concrete should be mixed
for several minutes by turning the concrete drum of the concrete truck. After the mix-
ing, consistency should be tested again. If the consistency complies with the delivery
sheet, concrete pouring can start. The above-described procedure allows the adapta-
tion of concrete consistency without significant impact on concrete quality.

This experimental part should answer the following questions. Can adding 80 or 160 li-
tres of water to the 8 m? big concrete truck dramatically decrease the compressive
strength of concrete? How do superplasticisers or water additionally affect selected
concrete properties — consistency, compressive strength, and density?
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11.1 Procedure

The experiment took place at the concrete plant to gain valid results from practice.
First, one cubic meter of the selected concrete mix was mixed and poured
into the concrete truck following the standard procedure. Then, concrete was poured
from the concrete truck into four tanks with a volume of 0,2 m? (Figure 69). The con-
crete mixin the first tank was not adapted and used as a reference for mixed concrete.
Concrete batches in the remaining three tanks were adjusted in order to reach better
consistency (Figure 69). Water was added into the second and third concrete tanks,
which should represent a wrong way of consistency improvement on the construction
site. Two litres of water were added into the second concrete tank (10 I/m? addition-
ally) and four litres of waterinto the third concrete tank (20 I/m? additionally). The con-
sistency of concrete in the fourth tank was adapted following the recommended pro-
cedure — the addition of superplasticiser mixed with a small amount of water for better
distribution of superplasticiser within the concrete batch. After those adaptions of con-
crete mixes, concrete was properly mixed using an electric concrete mixer and
a shovel (Figure 70).

sl -4

Figure 69 - Preparation of concrete batches, three concrete batches before adaption [photo: author]

Figure 70 - Mixing of adapted concrete batches, early-age compressive strength samples [photo: author]
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Right after the mixing, the following tests were performed by the author of the thesis,
and samples were prepared:

e  Slump test

* Density

* Air content

e Samples for determination of the water-cement ratio
e FEarly-age compressive strength samples

e 28-day compressive strength samples

Consistency (EN 12350-2), density (EN 12350-6), and air content (EN 12350-7) were de-
termined according to the standard procedure described in mentioned standards.
The water-cement ratio was determined by drying an approximately 3,5 kg concrete
batch. Early-age and 28-day samples were created and cured according to
EN 12350-1 and EN 12390-2. The calibration curves of all four differently adapted con-
crete mix designs (acc. NEN 5970) were determined based on sequential testing
of early-age compressive strength samples and continuous temperature monitoring.
The cubes were stored in the room at a constant temperature of 21°C. (Figure 70). [7;
45: 46; 62; 63; 64]

11.2Results

Concrete of the following specification was used: C30/37 — XC4, XD2, XF1, XA1 - Cl 0,2 -
Dmax 16 mm — S4.The mixed concrete mixes (reference) demonstrated a delivered con-
crete with the wrong consistency class. The tested consistency was S2 compared
to the required S4. The air content of the concrete mix was 2,7 %, which is a common
value. Table 13 shows the results of fresh concrete properties. Adding 0,4 1/m?3 super-
plasticiserand 1,0 I/m? water improved concrete consistency equally as 10 I/m?3 of wa-
ter. The slump test result was 14 cm (S3). Adding 20 I/m? of water to the concrete re-
sulted inan 18 cm slump (S4). The experimentally determined water content confirms
the trend of performed adaptations despite the measured amount showing a lower
increase in water content. This was most likely influenced by quite a long time
of the whole experiment execution.

Table 13 - Differently adapted concrete mixes — fresh concrete properties

Identification Slump test Water-cement ratio
Stren- Air con-
.. Slump | Consis- t 0 Mwater | Mcement | Mflyash
th Description ent [%] Y w/c |Aw/c
cflgass P [em] | tency [ke/m?] | [kel [kel
C30/37 Reference 50 S2 2,7 172,3 370 60 0,45 | 0,00
- 10l/m?3 140 S3 - 177,6 370 60 0,46 | 0,01
- 20l/m3 180 sS4 - 179,2 370 60 0,47 | 0,02
- Superplasticizer | 140 S3 - 171,6 370 60 0,45 | 0,00
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Table 14 presents the density, 28-day compressive strength, and water penetration
depth of concrete. Shown 28-day strength values are the average results of three sam-
ples. The results confirm that added superplasticiser does not significantly reduce
28-day compressive strength. However, added water caused a drop in compressive
strength value of about 6 — 7 MPa. Depth of water penetration shows contrary results
compared to the following fundamental principle — the higher the water-cement ratio,
the worse water-tightness. However, the contradiction could be influenced by the fol-
lowing factors: only one sample per concrete mix was tested, all measured values are
relatively small, and the determination of water-tightness is quite sensitive in terms
of deviation. The most important fact is that all values are lower than 20 mm, which is
usually the most strict requirement.

Table 14 - Differently adapted concrete mixes - concrete properties of hardened concrete

Identification Hardened concrete
28-day compres- | Depth of pene-
Strength . . 3 . .
Description Density [kg/m?] sive strength tration of water
class
[MPa] [mm]

C30/37 Reference 2328 51,3 18

- 10l/m?3 2313 45,2 13

- 20l/m3 2300 44,0 5

- Superplasticizer 2312 50,6 6

Similar behaviour, as at later age strength, is observed in the early-age compressive
strength samples. Figure 71 presents calibration curves of all concrete mixes. Com-
pressive strength development of concrete mix with an added superplasticiser (grey
line) evinces even faster strength development of about +1 MPa than the reference
concrete mix design (orange line). Concrete samples with added water reached sig-
nificantly lower values of approx. —2 MPa or —4 MPa (light and dark blue lines).

The dashed orange line represents the regression line of the reference concrete mix.
This dashed regression line was determined in semi-adiabatic conditions using cali-
bration boxes (similar to the ones shown in Figure 30). The result is quite different
compared to the regression line determined at samples at 21°C (Figure 70). The influ-
ence of different hardening temperatures is excluded because the appropriate
C-value confirmed by the laboratory test was used, and the temperature of all samples
was precisely continuously measured. Note: The topic of C-value is discussed
in the next chapter. The difference of approx. 4 MPa between the regression line
from semi-adiabatic conditions (orange dashed line) and 21°C room temperature (or-
ange solid line) is caused by the timing of tests. Because all the tests and activities
in the experiment were done predominantly by the author of the thesis, it took
about 4 hours. The early-age samples in semi-adiabatic conditions were created right
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after the concrete mixing. However, the early-age samples stored at 21°C were made
at the end ofthe experimental work when the properties of hydrated cement
in the concrete differed.

Despite the detailed planning upfront, all the activities took longer than expected, es-
pecially the proper mixing of adapted concrete batches, which was hard work.
This could be considered a failure. On the other hand, it underlines the importance
of early pouring of ready-mix concrete — until 90 minutes, as usually stated in the de-
livery sheet.
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Figure 71 - Differently adapted concrete mixes - regression lines of strength development

11.3Summary

In specific tested cases, the added dosage of 0,4 1/m3 of superplasticizer reached
the same consistency as the added 10 1/m? water. However, adding water decreased
early-age strength by about 2-2,5 MPa and 28-day strength by about 6 MPa. The super-
plasticizer improved slightly early-age strength, and 28-day strength was not signifi-
cantly influenced.

The results showed the negative impact of adding water to ready-mix concrete
at the construction site and confirmed the negligible effect of the adaption of concrete
mix following the recommended procedure with a superplasticiser. In the case
of added water, compressive strength values are affected at an early age and later age.
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12 C-value determination

The last experimental part deals with determining the C-value and its influence
on the accuracy of the maturity method’s results. All C-values used in the thesis were
initially estimated based on the results provided by cement producers in the Nether-
lands, with limited probability that those estimations were correct. The need for this
practical part arose during previous research, and the author identified the necessity
to test the C-value while evaluating validation results. Because the author tended
to avoid all deviations of input information, which can influence the accuracy, he de-
cided to perform these laboratory tests to get the most accurate C-values and hands-
on experience in this field.

The C-value of cement is considered one of the essential properties, which is usually
tested and provided by cement suppliers. However, this works only in countries where
the maturity method de Vree is well-known and often used, such as the Netherlands.
In countries where this method is not commonly used (e.g. the Czech Republic), people
from the cement industry don't even know how to test C-value.
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Figure 72 - Maturity gain at different concrete temperature and C-value

As already written in the theoretical part of the thesis (Chapter 5.1.3), C-value repre-
sents the temperature sensitivity of cementin the calculation. Before any presentation
of the tested results, the behaviour of C-values needs to be explained. Figure 72 illus-
trates the gains of maturity at different concrete temperatures and C-values. A C-value
of 1,1 can typically represent CEM | 525R, and a C-value of 1,5 can represent
CEM /B 32,5 N. The curve of C-value 1,1 looks almost like a line, but the curve of
C-value 1,5 is curved significantly. In the case of cement with C-value 1,5, the maturity
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gains are considerably lower if the concrete temperature is below 20°C compared
to maturity gains per hour of cement with C-value 1,1. On the other hand, the trend is
opposite above 30°C where the gains are bigger with cement of C-value 1,5. That's the
simple consideration of the temperature sensitivity of cement by the C-value. It is also
important to mention that around 30°C concrete temperature, all types of cement gain
similar maturity.

A possible influence of the appropriate C-value on accuracy at specific concrete tem-
peratures is illustrated in Table 15. For the following investigation, the calibration re-
sults of concrete mix design 3W-3R (Chapter 9.3.1) were used with four different
C-values(1,2;1,3; 1,4; 1,5). Table 15 presents maturity and compressive strength calcu-
lated using a calibration curve with different C-values at specific constant concrete
temperatures during a defined time. The duration was always limited to reach strength
close to the target value of 26 MPa and rounded to a whole day. If a concrete sample
matures for five days at a concrete temperature of 10°C, the calculated strength using
a calibration curve with C-value 1,2 results in 28,4 MPa, while a calibration curve with
C-value 1,5 results in 24,1 MPa. It means that if concrete with a cement C-value of 1,5 is
used, but a C-value of 1,2 is selected for calculation, it can deliver a deviation of 4,3 MPa
at 10°C concrete temperature during five days. If the concrete temperature is 30°C,
the influence of the wrongly chosen C-value is insignificant.

The statement cited in Chapter 5.7 claims that the C-value from the literature delivers
similar results to the tested C-value. The research, where the information came from,
faced differences between tested and founded C-values of about 0,25, which is not
insignificant. However, all the tests occurred in the laboratory, and most samples were
stored in laboratory conditions at about 25°C, where the difference becomes negligi-
ble. As demonstrated in Table 15, wrongly estimated C-value can cause significant de-
viation at low temperatures. It explains why the author's conclusion differed from that
cited research from the literature, where the low-temperature scenario is not included.
[60]

Table 15 - Calculated compressive strength using different C-value at a different concrete temperature

Scenario value 1,2 value 1,3 value 1,4 value 1,5

C- C- C- C- —_
— — — — @©
< g < g < g < g o
5 2, b S — 2 b S — 2 a5 — 2, a5 — 2
o QO 7 v By © v gy © “ By © n T ©
E RS z |S2E| 2z |ePE| 2 |¢2E| 7z |$2E| <
) [y fw o v > - Q9> - [T fw o v > x
it s 5 S s = S s = S S = S s = S
2 € 2 € 4 2 E 4 2 E
o © c © c v © o v © o =
= © = © = o = ©

10°C 5 1923 28,4 1751 27,0 1609 25,5 1489 24,1 4,3
20°C 3 1909 28,3 1823 27,6 1753 26,8 1697 26,1 2,2
30°C 2 1877 28,0 1884 28,1 1905 28,1 1935 28,1 -0,1

Because the illustration in Table 15 is only a theoretical approach based on constant
concrete temperature, another example of the actual measurement of the validation
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sample is shown in Figure 73. It uses the temperature data of the validation sample
3W-3R (Chapter 9.3.2) and calibration data of the related concrete mix design with dif-
ferent C-values.

Calculated results after 70 hours vary from 25,8 MPa to 27,9 MPa. The determined the
C-value of the binder was 1,35. Calibration data, in combination with a C-value of 1,35,
provides a result of 26,8 MPa. The actual tested compressive strength was 26,1 MPa.
The difference between the correctly calculated (26,8 MPa) and the actual result
(26,1 MPa) is caused by deviations that occur every time.
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Figure 73 - Validation measurements based on different C-values

12.1 Procedure

The whole procedure of C-value determination is specified in NEN 5970 and described
in detail in Chapter 5.1.3. The main principle is the determination of the C-value when
the compressive strength results of samples stored at 20°C and 65°C correlate the
best. The compressive strength tests are performed with halves of mortar prisms acc.
EN 196-1.[7; 32]

The following binders used in previous experimental parts were tested:

CEM1425R (sampling: 08/22)
CEMII/B-S325R (sampling: 08/22)
CEM 1I/B-S 32,5R “old” (sampling: 07/21)
CEM II/B-S 32,5R + fly ash (sampling: 08/22)
CEMIII/B 325 L (sampling: 08/22)
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Figure 74 - Determination of C-value - prisms stored at 20°C (left) and 65°C (right), [photo: author]

It consists of three selected cement types. In the case of CEM II/B-S, two batches were
tested, one from 08/22 and another from 07/21 — the batch which remained from
the second experiment part. CEM II/B-S was also tested with fly ash because fly ash
was used as an addition in most concrete mix designs. The mixing proportion is 83,7%
of CEM II/B-S and 16,7% of fly ash, similar to tested concrete concrete mix designs.

12.2 Results

Table 16 shows the initially estimated C-values and experimentally determined C-val-
ues in the laboratory. The biggest difference between estimation and test is 0,1, which
is insignificant but worth adapting and making the results more precise. All above-
presented resultsin previous chapters were already recalculated using experimentally
determined C-values.

Table 16 - C-values of used types of cement

Cement type Cvalue

estimated tested
CEM 142,5R 1,20 1,30
CEM 11/B-S32,5R 1,30 1,30
CEM 11/B-S 32,5 R "old" 1,30 1,30
CEM 11/B-S 32,5 R (83,3%) + fly ash (16,7%) 1,30 1,35
CEM111I/B32,5L 1,50 1,60
12.3 Summary

Appropriate estimation of the C-value can be sufficient for the use of the maturity
method. Special attention should be paid if the concrete hardens at low temperatures
because a lower C-value (compared to the actual one) could underestimate
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the strength result. Laboratory determination of C-value gives precision to strength re-
sults. However, if the temperature of hardening is not low, the difference is not signifi-
cant.

The estimation of C-values of Czech cement, which the author made based on data
from Dutch cement suppliers, was not much different from the tested results. The big-
gest difference was 0,1, which is not significant if the temperature during hardening is
not too low. In total, 24 mortar mixes were mixed, and 144 halves of prisms were
tested. Due to the experience of strength development of those cement types
from the second experimental phase and detailed planning, the number of samples
could be smaller because the hardening speed was well predicted and tests per-
formed at the right time.
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13 Conclusion

The thesis aimed to get more insights into the influences of concrete mix design
changes and common deviations on the calibration curve of the maturity method,
which represents the compressive strength development of concrete and is a basis
for nondestructive monitoring of early-age strength. The topic has recently become
more critical because the number of commercial systems that use the maturity
method isincreasing due to advancing digitalization in construction and constant time
pressure in construction projects. The need is supported by reducing clinker content
in cement, which is one measure of ambitious plans for decarbonizing the cement in-
dustry.

The overview of frequent changes in a concrete mix composition and their impact
on the calibration curve can reduce the effort during the calibration process, the num-
ber of performed calibrations, and unsuccessful tries during the implementation
of the maturity method. The outcome is an up-to-date analysis from practice, repre-
senting a common situation at the concrete supplier and construction site, including
all deviations in practice. It is the crucial distinction compared to most other theses
in this field, usually done in the laboratory.

Tested mortar and concrete samples indicate the extent of the whole research.
The compressive strength of almost 650 halves of the cement prisms and nearly 250
concrete cubes were tested.

Extensive experimental research has proven that the maturity method is applicable
in practice also in local conditions of the Czech republic. The most important parame-
ters influencing the early compressive strength of concrete were identified and their
effect was evaluated. The influence of changes in concrete composition on the calibra-
tion curve of the maturity method were identified and quantified. Recommendations
for application of the maturity method are discussed at the ends of individual chapters
and the recommended values the safety factor were considered as appropriate.

13.1 Effects of specific concrete mix design changes

Before the concrete tests took place, various changes in the mix design were tested
at the cement mortar level to prepare a basis for further concrete tests. A general ad-
vantage of cement mortaris a reduced need for material and the possibility of execut-
ing many tests. This extensive experimental analysis determined a plan for concrete
tests at a less accurate research environment (concrete plant and construction site).
The effects of specific concrete mix design changes on compressive strength devel-
opment were investigated at the concrete supplier with ready-mix concrete.

e Cementtype

Change in cement type and noticeable increase or decrease in cement amount
(£50 kg/m?3) influence the compressive strength of concrete significantly. The different
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cement amounts (310, 360, 410 kg/m?3) proportionally changed strength development
in the investigated calibration range. An increase of 50 kg/m?3 of cement resulted
in faster strength development of about 6 MPa compared to a lower dosage (Figure
56).

A comparison of the same cement type from two producers is not easy to testin prac-
tice due to the necessary availability of both cement products at one concrete plant,
which is not very realistic. This comparison was performed only using cement mortar.
The same types of cement from two various productions provided slightly different but
comparable results. However, it is also vital to emphasise that those two productions
belong to one company. Based on the author's practical experience, the same cement
types from different producers and countries can deliver different results.

The change in cement could always make a big difference (Figure 55) to the calibration
curve, and a new calibration is recommended. The only exception could be a change
in cement amount of about 10-15 kg/m?3, where a new calibration is not necessary.

¢ Water-cement ratio and superplasticizer

The first investigation with cement mortar confirmed a significant influence of the wa-
ter-cement ratio on compressive strength development, and a positive influence
of superplasticizer on compressive strength development was observed. This com-
plies with the principles of concrete technology. Reduction of water content in combi-
nation with superplasticizer resulted in significantly faster strength development
(+6,5 MPa) compared to standard cement mortar acc. EN 196-1.

During the investigation of concrete mix design changes at the concrete plant, mix
designs were always designed efficiently, which means that the water content and
the dosage of superplasticizer of all mix designs were optimised in compliance
with the basic principles of concrete technology.

The influence of water content was tested in relation to adding water to fresh concrete,
which simulates a common issue in practice with adding water to the concrete truck
to reach better consistency and workability. That kind of investigation was initiated
based on the observation of the unprofessional adaption of a concrete mix by added
water, which was often noticed during sampling on the construction site.

During the research, water or superplasticizer was additionally added to the concrete
by purpose, and the results were the following (Figure 71). In specific tested cases,
the added dosage of 0,4 I/m? of superplasticizer improved the consistency the same
as the added 10 1/m? water. However, adding water decreased early-age strength by
about 2-2,5 MPa and 28-day strength by about 6 MPa. The superplasticizer improved
slightly early-age compressive strength (+2 MPa), and 28-day strength was not signif-
icantly influenced. It confirmed the negligible effect of the adaption of concrete mix
following the recommended procedure with a superplasticiser.

If a noticeable amount of water (> 71/m?3) is added to the concrete, the existing cali-
bration curve is not reliable anymore.
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e Aggregates

Modifying the grain-size curve in the concrete mix designs visibly affects the compres-
sive strength within 4 MPa (Figure 58). It emphasizes the importance of sand as a local
material and the importance of calibrating concrete. Cement mortar tests of different
samples of sand from other quarries confirmed a considerable impact of sand
on early-age compressive strength and strength in general.

Adapting the concrete mix design for a smaller maximum grain size (from 22 mm
to 16 mm) usually requires other minor changes, especially an increase in cement
amount (+10 kg/m3) and superplasticizer. All changes cause a slight decrease
in strength development of about 1 — 2 MPa (Figure 59).

Whenever the source of sand is changed, a new calibration is recommended. If two
alternatives of the mix designs with Dmax=22 mm and 16 mm are used, one calibration
curve is sufficient. The concrete mix design with Dmax =16 mm is preferred for calibra-
tion because the developed calibration curve will only slightly underestimate the es-
timated results for the mix design with Dmax = 22 mm. This question was very often
asked in practice.

e Admixtures

Besides the use of a superplasticizer, admixtures for shortening the workability and
accelerating the setting time were investigated. Standard winter measures using their
different combinations to accelerate a concrete setting do not significantly influence
the early-age strength within the analysed range = around 70% of 28-day compressive
strength (Figure 60).

The use of a hardening accelerator, which could have a significant influence, was not
tested because itis a topic of individual research.

* Additions

Two common concrete additions were used in concrete mix designs — fly ash and lime-
stone. Fly ash substitution for limestone results in a visible drop of approximately
3 MPa, especially in later ages (Figure 59).

Based on the results of performed tests, the following measures could significantly
influence calibration curve = compressive strength development: change of cement
type, a significant change of cement amount (>10-15 kg/m?3), change of cement sup-
plier, considerable adaption of water content and used superplasticizers, use of sand
from different quarry. Substitution of concrete addition could have less significant in-
fluence, but it needs to be evaluated in particular cases.

Insignificant changes in compressive strength development have the redesigning
of the concrete mix design for smaller maximum grain size and winter measures
of adapted workability and accelerated setting.
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Since concrete consists primarily of natural materials, recalculating the calibration
curve based on experience with another concrete mix design is not recommended
because a calculation result could deviate from reality. However, the results
of the tests summarised above could provide a good orientation for handling changes
in the concrete mix design.

13.2Deviations in practice

All performed experimental analyses confirmed that the maturity method documents
the changes in the mix design well, and the differences are clearly visible. From a linear
regression point of view, maturity and strength correlate very well because the coeffi-
cient of determination of all curves has not dropped under R? = 0,96.

Five repeated calibrations of the same concrete mix design during one and half
months provided four similar calibration lines and one line with significantly lower
strength values. The drop in compressive strength was also observed in regular tests
(such as 7-day and 28-day specimens), which could be an excellent hint to identify
the deviation in practice. In this particular case, the main reason was probably the de-
viation in the fly ash quality.

Regularly performed thirteen validations on the construction site confirmed that
the maturity method allows the safe determination of compressive strength
on the construction site because most of the validations were successful (Figure 67
and Figure 68). In detail, ten validations provided results within the range of safety fac-
tors (acc. NEN 5970). One validation resulted in a slightly lower strength value not fully
covered by the safety factor, but the deviation was not significantly higher than
the safety factor (0,7 MPa below the range of safety factor). Adding water to the con-
crete affected two validations, resulting in lower strength results.

The last experimental part confirmed that an appropriate estimation of the C-value
can be sufficient for using the maturity method. Special attention should be paid
to concrete, which hardens at low temperatures because a lower C-value (compared
to the actual one) could underestimate the strength result.

13.3 Limitations

Most of the tests were executed by the author for two main reasons exclusively. The
first goal was to minimise the variations by having just one laboratory technician
= author of the thesis. The second aim was to get more hands-on experience and skills,
which is much more enriching than just receiving the results without involvement.

During the execution of the experiments, close attention was paid to compliance with
European standards and to the reduction of deviations related to unqualified and in-
consistent execution of laboratory tests. Cement and cement mortar tests were per-
formed according to EN 196-11 and EN 196-1. Concrete tests complied with EN 206+A2
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and with a group of standards for testing fresh concrete EN 12350 and hardened con-
crete EN 12390. Utilization of the maturity method followed the requirements
of the Dutch standard NEN 5970.

Because concrete was mixed from local materials in the Czech Republic, the broader
interpretation of results needs to be careful.

13.4 Recommendation for further research

The experimental work contains the results of today's standard concrete mix design.
Due to the strong demand for CO, reduction in the concrete industry, clinker content
in cement is reduced, or additions substitute a higher amount of cement. Both
measures result in significantly slower strength development, which also increases
the time of calibration of the concrete mix design up to 2,5 weeks. The question is how
reliable the calibration curves of such concrete mixes can be.

The addition of a hardening accelerator was not part of the investigation. Hardening
accelerators could be an essential ingredient of concrete in the future. The goal is
to find a good relation between the positive effect, moderate CO, footprint and ac-
ceptable price increase of the concrete mix. This topic is worth digging into. The ma-
turity method could also help in that kind of research.
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Appendix 1 - Rebound Hammer

Measuring and Regression relationship

Schmidt hammers are used to determine compressive strength on the construction
site, in the laboratory, or during the inspection of existing structures. According to Eu-
ropean standard EN 12504-2, the measurement procedure is the following. Be-
fore the beginning of the measurement, the rebound hammer should be validated
with a minimum of five rebounds at the testing anvil (Figure 18). The testing anvil is
a steel cylinder with a diameter of approximately 150 mm and a weight of about 16 kg,
which has a guide pipe for ensuring the vertical position of the Schmidt hammer dur-
ing the validation. Validation measurement at the testing anvil should evince maximal
deviation according to standard = 3 rebound numbers from the value specified
by the manufacturer. After successful validation measurement, the measurement
of the concrete can be started. At least nine rebound readings need to be done
with a minimum distance of 25 mm from each other and from the edge to get reliable
information about the hardness of an investigated surface of a structure. Each imprint
of the plunger should be visually checked if the surface layer is not crushed and
the pore or cavity does not negatively influence the result. [28; 48; 52]

The preliminary result of the test is the mean value of all nine mentioned rebound
readings. For the validity of the result, the deviation of all readings from the mean value
needs to be checked. If more than 20% of rebound readings deviate more than 30%
from the mean value, the whole testing has to be executed again. A practical recom-
mendation is to perform ten rebound readings instead of the mandatory nine rebound
readings. If two of them do not meet the requirement of the standard and deviate
more than 30% from the mean value, the remaining eight readings can still be used.
[48; 52]

When the measurements are finished, the rebound hammer should be again validated
at the testing anvil. Because the testing anvil is pretty heavy for use on the construction
site, the manufacturer offers a smaller alternative of the testing anvil for validation
in the field. This smaller anvil does not substitute the standard one. If the small anvil is
used on the construction site, a standard one should be used afterwards for confirma-
tion, e.g. after the return to the laboratory. [48]

It is necessary to focus on the tested surface in detail when the rebound hammer is
used. The surface should be smooth and eventually brushed to avoid the deviations
of decreased rebound values because of crushing the coarse surface of the concrete.
The moisture of the concrete surface should be considered because it can also influ-
ence the result. [52]

The evaluation's last step is converting the rebound value to compressive strength es-
timation. The general regression curves are not recommended if the rebound hammer
is used to estimate the early-age strength of today's concrete mixes. An example
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could be one of the curves provided by the manufacturer with Schmidt N in operating
instructions (Figure 75). This relationship was determined many years ago and repre-
sented concrete mixtures from the sixties of the last century. Since then, massive de-
velopmentin concrete technology has taken place, especially in the field of superplas-
ticizers and admixtures generally. Because of that reason, this relationship is not ap-
propriate to today's concrete mix designs and usually provides significantly lower val-
ues compared to actual strength. [48; 53; 54]
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Figure 75 - Regression curve provided by manufacturer of Schmidt N [54], testing anvil [51]

Also, other one-parametric relationships exist, even for new SilverSchmidt hammers,
which can provide a sufficient rough strength estimation. However, an optimal and
recommended solution is an experimental determination of the strength relationship
for a particular concrete mix design used in the project. This relationship can then pro-
vide pretty accurate results. [53]

The experimental determination of the regression relationship consists of the cube
samples creation from the tested concrete mix design and sequential testing at dif-
ferent ages. Concrete cubes are tested at a defined time non-destructively by a re-
bound hammer and afterwards tested in the compressive strength testing machine.
The concrete sample is first fixed to the compressive strength testing machine
with force corresponding to 10% of the maximum estimated force before the damage.
After that, rebound measurement is performed following the procedure described
above. Usually, two sides of the concrete sample could be used if the testing machine
allows access from both sides. When the testing with the rebound hammer is com-
pleted, the loading continues until the destructive testing is finished. Destructively de-
termined compressive strength is recorded at the y-axis, and the result of surface
hardness measurement by rebound hammer (mean value of determined rebound) is
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recorded at the x-axis. That gives one point of future regression relationship. Standard
EN 13791 recommends testing ten pairs of values (compressive strength and rebound
value), which means that the measurement should consist of a minimum of ten sam-
ples at different ages. In the case of ten pairs of results after the elimination of outliers,
there is still a high probability that at least eight results remain. The amount of eight
results is good enough for the creation of a good regression relationship. The above-
described procedures comply with the European standards EN 13791 and EN 12504-2.
Hardness testing methods are also described in other standards, which recommend
different measurement and evaluation procedures. An example could be
CSN EN 73 1373, which will probably not be effective soon, but now itis frequently used
in the Czech Republic. [28; 48; 52; 55]
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