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1 Introduction

Concrete is a basic material in geotechnical engineering and is used in two different
forms:

= as flowable concrete (e.g. in-situ concrete or shotcrete, Fig. 1)
= as prefabricated solid construction part (Fig. 2)

Concrete is a composite material, which consists of the following ingredients: cement,
mineral admixtures, aggregates, water and chemical admixtures. Concrete is a brittle
material with medium to high compressive strength, but low tensile strength. There-
fore, concrete is often reinforced by steel or geosynthetic bars or fibres. The compo-
nents must be properly mixed, placed and cured to obtain the desired concrete quali-
ty and properties, respectively.

Design (dimensioning) of concrete structures is based on Eurocode 2 (see Fig. 3).
However, for geotechnical applications Eurocode 7 & 8 might be also consulted and
for mixed structures depending on the used material Eurocode 3 to 9 might also be of
relevance.

Most important properties and requirements on concrete and cement are summa-
rised in Tab. 1. In addition shrinkage and creep behaviour should be considered.

Fig. 2: Pre-cast concrete (examples: company material)
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Fig. 3: Eurocode system (Bond et al. 2006)

design

Tab. 1: Characteristics and requirements on cement and concrete (Sybertz & Thielen, 2006)

Anforderung / Requirement

Eigenschaft / Property
Unmittelbare Beschreibende
Leistungsmerkmale KenngroBen
Performance Descriptive
characteristics characteristics
Verarbeitbarkeit / Workability Zement / Cement
- Wasseranspruch / water requirement
(Normsteife) / (standard consistency) (x) } Grenzwert / Limit
- Erstarren / setting X
Festigkeit / Strength e
e Strength classes
- Anfangsfestigkeit / early strength X 132,5; 42,5; 52,5 (N,R)]
- 28-Tage-Druckfestigkeit / 28-day strength X T TR
Raumbestéandigkeit / Soundness
- Kalktreiben / lime expansion X
- Sulfattreiben / sulphate expansion X Greneer eV At
- Magnesiumtreiben / magnesia expansion X
Chloride / Chlorides X

Verarbeitbarkeit / Workability Beton / Concrete
- Konsistenz / consistency X
Festigkelt / Strenght Erstprifung / Initial testing
- 28-Tage-Druckfestigkeit / 28-day-strength X
Dauerhaftigkeit / Durability
- Schutz der Bewehrung / Protection of reinforcement

* Carbonatisierung / carbonation X Zusammensetzung

® Chlorideindringen / penetration of chloride X Composition
- Frostwiderstand / Frost resistance * max wiz / wic

s ohne Tausalz / without de-icing salt X e minz/c

* mit Tausalz / with de-icing salt X * Zementart / Cement types
- Chemischer Widerstand / Chemical resistance X etc.
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2 Cement
According to the cement type the following classification is used according to
DIN EN 197-1:

= CEMI Portland cement (general purpose)

= CEMII Portland composite cement (sulphate resisting)

= CEMII Blast furnace cement (high early strength)

= CEMIV Pozzolanic cement (low hydration heat)

= CEMV Composite cement (severe sulfate resistance)

The main constituents of the cement are:

Portland cement clinker

Granulated blastfurnace slag

Natural pozzolana (trass)

Burnt shale

Siliceous fly ash

limestone

Tab. 2 illustrates the composition of the most common cement types. Hints how to
choose the appropriate cement type according to exposure and construction type is
given in Tab. 3.

Tab. 2: Characteristics/ requirements on cement and concrete (Sybertz & Thielen, 2006)

Zementart / Cemenl lype Hauptbestandteile / Main constituents Neben-
bestandteile
Hauplart Benennung / Designation Portland- Hutten- Natir- Kiesel- Gebrannter Kalkslein MFQO'
Main Kurz- Kurz- zemenl- sand liches saurereiche | Schiefer additional
type zeichen zeichen klinker Puzzolan Flugasche constituents ?
Notation Notation Portland Granulaled Nalural Siliceous Burnl shale Limestone
cement blasl- pozzolana lly ash
(neu / new) (alt / old) clinker furnace
slag
K ) P v T L

CEMI Portlandzement

Portland cement CEMI PZ 95— 100 = = = _ _ o-s
CEM I Portlandhutienzement CEM IVA-S £z 80-94 6-20 = = = = 0-5

Portand-slag.cement CEM IIB-S 65-79 21-35 = = = = 0-5

Portlandpuzzolanzement | CEM IVA-P Tiz 80 -94 - 6-20 = = - 0-5

Portland-pozzolana cemenl [ cepz j1/8-p 6579 - 21-35 - - - 0-5

Portlandflugaschezemenl

Portland-fly ash cement CEM VAV FAZ 80-94 - - 6-20 - - 0-5

Portlandolschieferzement | CEM IVA-T POz 80-94 - - - 6-20 - 0-5

Portland-oil shale cement | cen 1/B.T 65— 79 — - = 21-35 = 0-5

Portlandkalksteinzement

Portland-limestone cement CEM IVA-L PKZ 80-94 = = = - 6-20 0-5

Portlandflugaschehuttenzement

Portiandly ash-slag cement | CEM I/B-SV FAHZ 6579 10-20 - 10-20 - - 0-5
CEMIIl | Hochofenzement CEM lIVA HOZ 35 - 64 36 - 65 - - = N 0-5

Blaslfurnace cement CEM /B 20-34 66 - 80 = = 5 - 0-5
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Tab. 3: Application rules for cement according to DIN EN 197-1 and DIN 1164

% giltiger Anwendungsbereich / valid area of application i i X
O nach DIN 1045.2 nicht anwendbar / cannot be used in Zemente nach / cements complying with DIN EN 197-1 und / and DIN 1164
accordance with DIN 1045-2 CEM | CEM Il CEM Il CEMIV | CEMV

Bemessungsrelevante S Vo B-LL B-M A/B @ A/B AB
Bauteil / Bauwerk Expositionsklassen T A-LY B-L B-W
component / structure exposure classes D P/IQ A-M

relevant to the design A-LL AW
Unbewehrter Beton X0 t ® ® x® 3 *® 3 ® 3
unreinforced concrete
Frostgeschiitzte Bauteile XC1-XC4 % % % 3 O % o] o] O
(innen oder im Wasser) 1 1 0 D)
components protected from frost
(interior or in water)
AuBenbauteile, Wasserbauwerke | XC, XF1, XF3 % S ® o O % (6] o] O
exterior components, hydraulic
engineering structures
AuBenbauteile unter XC, XD, XF2, XF4 % % (@) o O % o] o] O
Taumitteleinwirkung 39
exterior components exposed
to de-icing agents
Meeresbauwerke XC, XS, XF2, XF4 % % e O o] % o O O
maritime structures 34
Chemischer Angriff” XA ® ® ® o O ® o O O
chemical attack”
Verkehrsflachen XF4, XM ®  d o] (@) ® ] O o]
traffic surfaces 9 89 34)8)9)
VerschleiB ohne Frost XM *® 3 ® O o] 3 (e O O
wear without frost

" Verwendung bei Expositionsklasse XC2 erlaubt
2 Verwendung bei Expositionsklasse XD2 und XS2 erlaubt
) bei Expositionsklasse XF4: Nur CEM III/A der Festigkeitsklasse = 42,5 oder
= 32,5 R mit einem Huttensandanteil < 50 M.-%
bei Expositionsklasse XF4: CEM III/B darf nur far die folgenden Anwen-
dungsfalle verwendet werden:

a) Meerwasserbauteile: wiz s 0,45; Mindestfestigkeitsklasse C35/45 und

z z 340 kg/m?
b) R&dumerlaufbahnen w/z = 0,35; Mindestfestigkeitsklasse C40/50 und
2 = 360 kg/m?; Beachtung von DIN 19569

Auf Luftporen kann in beiden Fallen verzichtet werden.
CEM II/B - V fur Verwendung bei Expositionsklasse XF3 nicht erlaubt
Verwendung bei Expositionsklasse XF1 und XF3 nicht erlaubt
Bei chemischem Angriff durch Sulfat (ausgenommen bei Meerwasser) muss
oberhalb der Expositionsklasse XA1 Zement mit hohem Sulfatwiderstand
(HS-Zement) verwendet werden. Zur Herstellung von sulfatwiderstands-
fahigem Beton darf bei einem Sulfatgehalt des angreifenden Wassers von
SO, = 1500 mg/l anstelle von HS-Zement eine Mischung aus Zement und
Flugasche verwendet werden.
Fur Betonfahrbahndecken nach ZTV Beton-StB in Abstimmung mit dem
Auftraggeber (Hochofenzement nur CEM I[I/A mindestens der Festigkeits-
klasse 42,5)
9 Fir Betonfahrbahndecken nach ZTV Beton-5tB Gesamtalkaligehalt Na,0-

Aquivalent s 1,0 M.-%

a

s)
6
n

8

]

e w

2

L}

e

3

e

Use for exposure class XC2 permitted

Use for exposure classes XD2 and XS2 permitted

For exposure class XF4: only CEM |Il/A of the strength classes = 42,5 or 2 32,5R

containing = 50 % by mass blastfurnace slag

For exposure class XF4: CEM 1II/B may only be used for the following applica-

tions:

a) Sea water components: w/c s 0.45; minimum strength class C35/45 and
¢ 2 340 kg/m?

b) Track for rotating scraper bridge, w/c = 0.35; minimum strength class
C40/50 and ¢ = 360 kg/m?; note DIN 19569

Air voids can be dispensed with in both cases.

CEM 11/B-V not permitted for use with exposure class XF3

Use not permitted for exposure classes XF1 and XF3

For chemical attack by sulfate (except in sea water) highly sulfate resisting ce-

ment must be used above exposure class XA 1. A mixture of cement and fly

ash may be used instead of highly sulfate resisting cement for producing sul-

fate resisting concrete where the corrosive water has a sulfate content of

S0, = 1500 mg/l

For concrete carriageway surfaces complying with ZTV Beton-StB with the

agreement of the client (only CEM II/A blastfurnace cement at least of 42,5

strength class)

For concrete carriageway surfaces complying with ZTV Beton-5tB, total alkali

content Na,O-equivalent = 1.0 % by mass
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3 Concrete strength

Concrete is classified according to its uniaxial compressive strength, e.g. C20/25
means concrete with UCS of 20 MPa (fck) and 25 MPa (fck.cube), respectively. UCS is
measured either by using cylindrical samples (300 mm length and 150 mm diameter -
fck) or cubic samples with edge length of 150 mm (fekcube). In both cases the curing
time is 28 days. Beyond C50/60 the concrete is called high-strength concrete. The off
concrete develops during the hydration process. Exemplary, Fig. 4 illustrates the
strength development during the hydration process.

In general the strength after 28 days of curing is used as reference. The strength
classification according to DIN EN 206-1 and DIN 1045-2 is based on the 28-day-
strength. After 28 days the strength has reached nearly the final value (100 %). After
7 days the strength has reached about 20 % to 60 % of the final values depending on
concrete type. The hydration process is also influenced by the environmental condi-
tions (e.g. temperature, humidity).

The strength of concrete is influenced by ballast parameters (grain size, shape and
strength), the bonding between cement matrix and ballast grains and of course the
cement matrix itself (hydration degree, porosity, w/z-value, cement type).

Tab. 4: Strength classes for concrete according to EN 1992-1-1: 2010

Analytical relation /

Strength classes for concrete .

SaMPa) | 12 | 16 | 20 | 25 | 30 | 35 | 40 | 45 | 50 55 | 60 | 70 | 80 | 90
Jewcuve 1520 | 25 | 30 | 37 | 45 | 50 [ 55 | 60 67 | 75 | 85 | 95 | 105 28
(MPa)
JSem (MPa) | 20 24 28 33 38 43 48 53 58 63 68 78 88 | 98 fom = fou + 8 (MP2)
foum = 030% £ < c50/60
) 2 2 ) 2 o
Sow(MPa) | 16 | 19 | 22 [ 26 | 29 | 3.2 | 3.5 | 38 | 41 | 42 |44 | 46 |48 (50 | 07 (> csoen
JSewpos ) 79 9 5 2 9 Jeass = 07 X fym
(MPa) 1| 13| 15| 18|20 22 |25(27]29 | 30 |31 32 |34]35 T
{g;; 20 | 25 [ 29|33 |38 | 42 [46 49|53 | 55 |57| 60 | 63| 66 [t s
Ea(GPa) | 27 | 29 | 30 | 31 | 33 | 34 [ 35 | 36 [ 37 | 38 | 39| 41 | 42 | 44 o = 2|(2)]” trminrir
Sa o) | 18 | 1.9 [ 20 | 2.1 | 2.2 (22523 | 24 | 245 | 25 | 26 | 2.7 | 28 | 28 ORI
See Figure 3.2
(! 2 2 2 2 for fiy = 50 MPa
&eut (Yo0) 3.5 32 | 30| 28 | 28| 28 P Sucie
0 2 35) 5) 7) 7 ) e
3 fior fia = §
% (0 L 22|29 2 85 20 | o i
- N o See Figure 3.2
q % for fiy > 50 MPa
Scuz (Ygo) 3.5 311 29 | 27 2.6 | 6.6 .M("r.,.,)i ir}.uﬁ::;'- roor
n 2.0 175 | 1.6 | 145 | 14 | 1.4 e e
o G 5 55 5 Sex Figure 3.4
€a (%) 1.75 1.8 | 19| 20 | 22 | 23 B A
" s - R , 5 See Figure 3.4
€cus (%90) RS 34] 29 2.7 2.6 2.6 (A.[“Jnn}r:'{:+ Jﬁ::[?!,.]!lwl‘
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An overview about the evolution of early-age properties of concrete is provided by
Nehdi & Sollmann (2011).

90 P
Zeit seit der Herstellung
&E 50 Time after mixing CEMI42,5R
_ § O 10h
e = 7010 24h
€ ¢
E 5 O 48h i _
£ § 60[E 7d
5 &
_f:_% _g 50
B 4 [ _
£ 5 40 -
()
5 £
5 S 30 i
5 8 I I
w 20
>
o
S 10 [
0 [
BO50 BO35 BO30 BO25
SO SO | S8 SO | S8 SO | S8

Fig. 4: Strength evolution of several high strength concretes versus time (Alonso 2003)
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4 EXxposure classes

Durable concrete constructions need the consideration of the environmental impact
to these constructions. Tab. 5 shows the exposure classes according to EC2.

Tab.5: Exposure classes for concrete according to EC2

Updated: 02 November 2020

Class Description of the environment Informative examples where exposure classes
designation may occur
1 No risk of corrosion attack
XCo For concrete without reinforcement or | Concrete inside buildings with very low air
embedded metal: all exposure except where | humidity
there is freeze/thaw, abrasion or chemical
attack
For concrete with reinforcement or
embedded metal: very dry
2 Corrosion induced by carbonation
XCl1 Dry or permanently wet Concrete inside building with low air humidity
Concrete permanently submerged in water
XC2 Wet, rarely dry Concrete surfaces subject to long-term water
contact
Many foundations
XC3 Moderate humidity Concrete inside buildings with moderate or high
air humidity
External concrete sheltered from rain
XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not
within the exposure class XC2
3 Corrosion induced by chlorides
XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides
XD2 Wet, rarely dry Swimming pools
Concrete components exposed to industrial waters
containing chlorides
XD3 Cyclic wet and dry Parts of bridges exposed to spray containing
chlorides
Pavements
Car park slabs
4 Corrosion induced by chlorides from sea water
XSl1 Exposed to airborne salt but not in direct | Structures near to or on the coast
contact to sea water
XS2 Permanently submerged Parts of marine structures
XS3 Tidal, splash and spray zones Parts of marine structures
5 Freeze/Thaw attack
XFl1 Moderate water saturation, without de-icing | Vertical concrete surfaces exposed to rain and
agent freezing
XF2 Moderate water saturation, with de-icing | Vertical concrete surfaces of road structures
agent exposed to freezing and air-borne de-icing agents
XF3 High water saturation, without de-icing | Horizontal concrete surfaces exposed to rain and
agents freezing
XF4 High water saturation, with de-icing agents | Road and bridge decks exposed to de-icing agents
or sea water Concrete surfaces exposed to direct spray
containing de-icing agents and freezing
Splash zone of marine structures exposed to
freezing
6 Chemical attack
XAl Slightly aggressive chemical environment | Natural soils and ground water
according to EN 206-1, Table 2
XA2 Moderately aggressive chemical | Natural soils and ground water
environment according to EN 206-1, Table 2
XA3 Highly aggressive chemical environment | Natural soils and ground water
according to EN 206-1, Table 2
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Tab.6: Exposure classes and corresponding concrete technology measures (Grube & Kerkhoff, 2003)
(max w/z = max. water/cement ratio; min. z = minumim content of cement in kg/m3; T = de-icing

salt)
Expositionsklassen (Umwelteinwirkungen, ,,Angriffe”)| Betontechnische MaBnahmen (,,Widerstande")
Exposure classes (environmental effects, “attacks”) | Concrete technology measures (“resistances”)
Klassenbez.| Einwirkung und  Beanspruchung Max. w/z Min. z .., cube
class effect and  stress max. wic min. ¢ fo. cube
designation
. ) keine keine
m kein Betonangriff Anforderung | Anforderung c8/10
X0
kein Angriff no concrete attack no no
no attack requirement |requirement
trocken
1 H.0 0,75 240
- o |dry
standig nass
XC 2 « constantly wet 0,75 240
3 co. |maBig feucht 0,65 260
moderately moist
Carbonatisierung| nass / trocken
4 | carbonation wet / dry 0.60 Sl
/7 «— |maéBig feucht
! €l [moderately moist 0.55 300 C30/37
Xp/ standig nass
XS 2 H.0 constantly wet 0,50 320 C35/45
Chlorid nass / trocken
3 chloride wet / dry 045 320 C35/45
mafige Wassers. 0. T.
1 moderate water 0,60 280
o saturation (o.T.)
maBige Wassers. m. T. 0,55 |+ LP 300
XF 2 moderate water
saturation (m.T) 0,50 320 C35/45
3 hohe Wassers. o. T. 0,55 | +LP 300
high water saturation
Frost /+ Salz (o.T.) 0,50 320 C35/45
freeze-thaw  [hohe Wassers. m. T.
4 |/+salt high water saturation | 050 | +LP 320 30137
(m.T.)
schwach angreifend
! weakly corrosive 0,60 280 C25/30
a ey -
XA maBig angreifend
A s SA SIS moderately corrosive 0.50 320 C35/45
Chem. Angriff |stark angreifend
3 |chemical attack strongly corrosive 0,45 320 C35/45
maBiger VerschleiB3
! ) moderate wear 0.55 300 G037
XM starker Verschlei 0,45 320 C35/45
Verschlei3 sehr starker Verschlei3
3 | wear very severe wear 045 320 C35/45
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According to Grube & Kerkhoff (2003) the exposure scenarios can be described as
follows (see also Tab. 5 and 6):

“XC1 relates to the corrosion-promoting action for reinforcing steel in dry interior spac-
es, XC2 in components in non-corrosive water, XC3 in moist spaces like indoor swim-
ming pools and XC4 in external components directly exposed to rain. Components in
the XD and XS exposure classes are exposed to the action of chloride through de-icing
salt (XD) or seawater (XS), specifically from spray (XD1 / XS1), in continuous contact
with salt-containing water (XD2 / XS2) and alternating contact with salt solution and
drying out (XD3 / XS3). Further effects on the concrete itself relate to components ex-
posed to freeze-thaw (XF1 — XF4) with moderate and high water saturation and with
and without de-icing salt. The grade of attack during concrete corrosion by chemical at-
tack (XAl — XA3) is classified in accordance with the definitions in DIN 4030. In Ger-
many there is also the wear exposure class which regulates moderate (XM1), strong
(XM2) and very strong (XM3).”
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5 Hydration process

The basic chemical elements of cement are: Ca, Si, Al, Fe and O2. They occur mainly
as CaO, Alz0s3, SiO2 and Fe20s3. During burning limestone and clay at temperatures
between 1400 °C and 1600 °C the cement compounds are produced (clinker). The
main components of the clinker are:

e Alite (3Ca0-SiO2) chemical abbr.: CsS
e Belite (2Ca0-SiO2) chemical abbr.: C.oS:
e Tricalcium aluminate(3CaO-Al203) chemical abbr.: CsA

e Brownmillerite (4CaO-Al203-Fe203) chemical abbr.: C4AF

During the hydration process itself the clinker components react with water and pro-
duce cement pastes like Calcium hydroxide, Calcium Silicate Hydrate (CSH), Calci-
um Aluminate Hydrate, Calcium Trisulfoaluminate Hydrate, Calcium Monosulfoalumi-
nate etc. Fig. 5 and 6 illustrate the hydration process.

i ———

pore space  a CSH
\\ short fiber
\
\
\ Ca(OH),
\

Quantity

C4(AFHq3

CSH long fiber Monosulfate
\ e

Trisulfate

]
0 5 ?1012 6 1T 2 1 28 90

minutes hours days
hydratation time

unstable structure basic stable
plastic solidified structure structure

Fig. 5: lllustration of principles of hydration process (modified after VDZ, 2002)
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before water supply shortly after water supply after end of hydration

Fig. 6: Schematic view of hydration of cement grain (modified after VDZ, 2002)

40

wW
[

CEM1425R
CEMI1325R
CEM 1I/B 32,5 NW HS

Hydration Heat in J/g*h

Time in h
Fig. 7: Development of hydration heat vs. time (modified after VDZ, 2002)

During the hydration process significant amount of heat is generated. Fig. 7 shows
the heat generation versus time during the hydration process for different types of
cement.
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6 Shrinkage and creep

Shrinkage means a decrease of volume during the hydration process incl. loss of wa-
ter by evaporation:

Volumewater + Volumecement > Volumeconcrete

The following forms of shrinkage can be distinguished, see for instance Sahinagic-
Isovic (2012), Kawano (2012) or Kovler & Zhutovsky (2006):

Drying shrinkage percentage (x 10°)

Plastic shrinkage (drying of fresh concrete surface)
Chemical shrinkage (chemical binding of water)

Autogenous shrinkage or hydration shrinkage (self-desiccation of pores of
non-hydrated cement)

Drying shrinkage (water evaporation from capillaries — see Fig. 8)
Thermal shrinkage (due to temperature change during hydration process)

Carbonation shrinkage (due to chemical reactions between cement and car-
bon dioxide)

1400
(Note) Conl is the standard. —e—Conl
1200 H Variables are: cement for ConZ2-4; —=—Con2
aggregate for Conb-7, and admixture ——Con3
1000 H for Con8-12. —<—Con4
—x— Conb
—@— Conb6
800 —+—Con7
—A—Con8
600 ——GCon9
——Conl10
400 —{+—Conll
—0O—Conl2
200
e ' ' - - -
0 5 10 15 20 25 30

Drying period (weeks)

Fig. 8: Drying concrete of different type of concrete (Kawano et al. 2012)
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7 Numerical simulation

Depending on task and scale (see Fig. 9) quite different modelling approaches are
used covering:

= continuum based or discontinuum based
= pure mechanical or coupled
= static or dynamic (incl. cyclic)
= deterministic or stochastic
VII: VI: V: Mortar  IV: Concrete 1II: Plain II: Structural I: Full Structure Scale
C-S-H Cement Scale Mesoscale Concrete Scale Element Scale

Scale Paste
Scale

<105 104 103 102 10+ 100 10" 102 L [m]

Fig. 9: Length scales for concrete simulation (Cusatis et al. 2014)

A typical stochastic modelling procedure to simulate time-dependent reliability con-
tains the following steps (see for instance Wan-Wendner, 2018):

(1) development of a mechanical model with aging and damaging effects
(2) determination of stochastic input-parameters

(3) generation of n realizations via sampling method (e.g. LHS)

(4) analysis of all n realizations for m points in time

(5) Statistical evaluation of response quantities

(6) Reliability and life cycle performance assessment based on PFFs of actions
and obtained CDFs of structural response for any m points in time

(7) Sensitivity analysis

The following example (see also Konietzky et al. 2001) illustrates a typical approach
to simulate the hydration process including strength and stiffness evolution. The pro-
cedure contains 5 steps:

(1) Calculation of equivalent concrete age te on the basis of actual temperature T
and thermal time t:

=Y enlat)ar
t=0
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(2) Determination of degree of hydration a on the basis of the equivalent concrete

Sl

(3) Determination of the actual hydration heat g: based on the change of the de-
gree of hydration per thermal time step At:

a=e

AT -c, -p
C

(4) Determination of actual temperature using the thermal constitutive law taken
into account the corresponding hydration heat

Aa .
— max . C L Wlth max —
g, =Q n Q

(5) Adjustment of strength and stiffness parameters according to the actual de-
gree of hydration

E:Ecte'(c;- ao] O'DZO.SS-(ﬁ.%] GZ:fCte‘(C; ao]
_aO C —ao —0{0

Using the following notation:

Ea: activation energy

Cc: specific heat

R: universal gas constant

t: thermal time

te: equivalent concrete age

T: temperature

q: heat release

Qmax; maximum heat production

C, b, t1, a, ao cement constants

Ecte: Young's modulus after complete hydration
fete: uniaxial tensile strength after complete hydration
E: Young's modulus

oD: uniaxial compressive strength

oz: uniaxial tensile strength

Based on the values of uniaxial compressive and tensile strength corresponding pa-
rameters for the Drucker-Prager elasto-plastic constitutive law can be derived. Ex-
emplary, Fig. 10 to 12 document a calibration or rather validation process for a spe-
cific type of concrete, by comparing simulation results with lab test results (Konietz-
ky et al. 2001).
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Fig. 10: Evolution of degree of hydration vs. equivalent concrete age
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Fig. 11: Evolution of temperature vs. equivalent concrete age
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Figures 13 and 14 show an application (concrete wall on a slab). The slab is initial-
ized with 278 K, the concrete wall with 283 K. The temperature at the outer boundary

of the wall is fixed to 280 K.
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10 100
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1000

Fig. 12: Evolution of uniaxial compressive strength vs. equivalent concrete age
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Fig. 13: Temperature [K] distribution in concrete (Left: after 24 hours, right: after 72 hours)

Page 17 of 21



Concrete for geotechnical engineering

Only for private and internal use! Updated: 02 November 2020

Block Contour of Zone Extra 1
5 0584e-001to 5.1000e-001
5.1000e-001 to 5.1500e-001
5.1500e-001 to 5.2000e-001
|| 5.2000e-001to 5.2500e-001
. 5.2500e-001 to 5.3000e-001
[ 5.3000e-001 to 5.3500e-001
5.3500e-001to 54000e-001
5.4000e-001 to 5.4500e-001
|| 5.4500e-001to 5.5000e-001
| 5.5000e-001to 55500e-001
5.5500e-001 to 5.6000e-001
5.6000e-001 to 5.6500e-001
5 6500e-001to 5.7000e-001
5.7000e-001 to 5.7500e-001
5.7500e-001 to 5.7596e-001
Interval = 5.0e-003

Block Contour of Zone Extra 1
2.35752-0011t0 2.4000e-001
2.5000e-001 to 2.6000e-001
2.7000e-001 to 2.8000e-001
2.9000e-001to 3.0000e-001
3.1000e-001 to 3.2000e-001
3.3000e-001 to 3.4000e-001
3.5000e-001to 3.6000e-001
3.7000e-001 to 3.3000e-001
3.8000e-001to 3.8218e-001
Interval = 1.0e-002

Fig. 14: Degree of hydration in concrete (left: after 24 hours, right: after 72 hours)
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8 Concrete admixtures

Concrete admixtures or additives are chemical or mineral based ingredients to im-
prove certain properties, to reduce costs and to increase productivity. The most
common additives are:

Shrinkage reducing additives
o Reduces short- and long-term shrinkage incl. shrinkage cracking
Superplasticizers
o Improves the workability by high slump
Corrosion inhibiting additives
o Reduces corrosion in steel-reinforced concretes
o Reduces maintenance costs
Accelerator additives
o Reduces setting time
o Increases rate of strength development
o Especially important for low temperature environment
Water reducing additives
o Creates desired slump with lower water-cement ratio
o Creates desired strength with lower water-cement ratio
o Helps to place concrete under difficult conditions
Air entrainment additives
o Increases freeze-thaw durability
o Increases workability
Self-retarding additives
o Slow-down chemical reactions during hydration
o Reduces water consumption
o Reduces temperature effects
o Eliminates cold joints
o Resists cracking due to deflections
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