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Summary
Concrete durability and maintenance present dominant factors for the ser-

vice life of concrete elements. Pressure on the construction speed in all sectors
of civil engineering in the last decades has preferred cements with a high early
strength gain. Such elements exposed to external environments often show
degradation in the form of visible cracks, increased permeability, decreased
durability and service life. An example is an unreinforced cement concrete
pavement, where 75% of Czech pavements show visible cracks already after
15 years of service.

The reason for the low resistance of concretes and binders to the formation
of visible cracks is mainly the rate of chemical shrinkage, which is reflected
in the high early strength gain. Rapid volume shrinkage leads to the formation
of microcracks. They are proved both experimentally by means of 3D X-ray
tomography and numerically by a multiscale model for strength scaling. Tem-
perature, humidity and freezing cycles lead to the microcracks coalescence into
visible cracks with subsequent concrete disintegration.

This book quantifies the crack resistance of binders by a restrained ring
shrinkage test. 23 cements were evaluated, having different Blaine fineness
and substitution level by ground granulated blast furnace slag. The beneficial
effect of slow-hardening binders has been unequivocally confirmed, either by
lower fineness or by clinker replacement. From these tests, a crack-resistant
binder was designed, corresponding to CEM II/B-S 42.5 N cement.

In cooperation with the Road and Motorway Directorate of the Czech Re-
public and the Skanska, a.s. contractor, the crack-resistant binder was used
in the pilot construction of an almost 9 km long concrete pavement on the D1
highway Přerov-Lipník nad Bečvou. This is the first major use of road Portland
slag cement in the Czech Republic with a concrete volume exceeding 54 000
m3. A long-term monitoring system was set up on a 3.5 × 5.0 × 0.29 m con-
crete slab using 18 vibrating wire gauges and other sensors. The results after
3 years show consistent behavior with numerical models and the pavement re-
mains free of visible cracks. The ongoing revision of road cement codes is a
proof that extending the service life is more important than saving a few days
during construction.
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Souhrn
Trvanlivost betonu a údržba představuje dominantní faktory pro životnost

betonového prvku. Tlak na rychlost výstavby ve všech odvětvích stavebnictví
v posledních desítkách let vedly k preferenci cementů s rychlými počátečními
pevnostmi. Takové prvky vystavené externímu prostředí vykazují často degra-
daci ve formě viditelných trhlin, které zvyšují permeabilitu, snižují trvanlivost
a životnost. Klasickým příkladem jsou nevyztužené cementobetonové kryty,
kde 75% českých krytů vykazuje viditelné trhliny po 15 let provozu.

Přičinou malé odolnosti betonů a pojiv ke vzniku viditelných trhlin je ze-
jména rychlost chemického smrštění, která se odráží v rychlosti počátečních
pevností. Rychlá objemová deformace vede na vznik mikrotrhlin, které jsou
prokázány jak experimentálně pomocí 3D rentgenové tomografie tak i nume-
ricky pomocí víceúrovňového modelu pro škálování pevnosti. Teplotní, vlhko-
stní a mrazové cykly vedou ke spojování mikrotrhlin do viditelných trhlin
s následným rozpadem betonu.

Tato kniha kvantifikuje odolnost pojiv ke vzniku trhlin pomocí prstenco-
vých testů vázaného smrštění. Na nich bylo ověřeno 23 cementů s rozdílnou
jemností mletí a substitucí mleté vysokopecní granulované strusky. Jednoz-
načně se potvrdil blahodárný účinek pomalých nárůstů pevností at’ už pomocí
nižší jemnosti mletí či nahrazením slínku. Z těchto zkoušek bylo navrženo
trhlinkovzdorné pojivo, které odpovídá cementu CEM II/B-S 42,5 N.

Ve spolupráci s Ředitelstvím silnic a dálnic ČR a zhotovitelem Skanska,
a.s. bylo trhlinkovzdorné pojivo použito při výstavbě téměř 9 km cemento-
betonového pilotního krytu na dálnici D1 Přerov-Lipník nad Bečvou. Jedná
se o první větší použití silničního portlandského struskového cementu v Česku
s objemem betonu přes 54 000 m3. Na úseku je dlouhodobě monitorována
jedna deska cementobetonového krytu rozměrů 3, 5 × 5, 0 × 0, 29 m pomocí
18 strunových tenzometrů a dalších čidel. Výsledky po 3 letech ukazují na
konzistentní chování s numerickými modely a kryt zůstává prostý viditelných
trhlin. Probíhající revize předpisů pro silniční cementy je důkazem toho, že
prodloužení životnosti je důležitější než úspora několika dnů během výstavby.
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1 Historical perspective

Concrete belongs to the most man-made material, currently annually ex-
ceeding the world consumption of 1 m3 / capita on average. Enhancing the
durability of concrete structures became accented for sustainable development
in the 21st century. Many examples in history prove that concrete can with-
stand a long service time, e.g. unreinforced lime-pozzolan cement of Pantheon
in Rome, the first concrete pavement in Bellefontaine, Ohio, USA from 1891,
a reinforced concrete bridge from the 1890s in Krásno nad Kysucou, Slovakia,
a concrete highway pavement on A18 in Poland from 1938, light fortifica-
tion bunkers in Czechoslovakia from the 1930s, the concrete Hoover dam from
1935, a bridge in Bechyně from 1938, the Orlík dam from 1961.

Systematic studies on durability carried out in the USA after the 1930s
stated that concrete cracking is the most predominant factor, resulting from the
use of high-early strength cements [19]. The need for fast construction sched-
ules generally increased the C3S contents and raised the Blaine fineness in
cement while decreasing the water-to-cement ratio (w/c); such a transition led
from crack-resistant cements to crack-prone concretes. The shift can be man-
ifested in the strength evolution of Type I general purpose Portland cements
in the US between the 1950s and 1994, see Fig. 1 [3]. The study of the Iowa
highway deterioration led John Lemish to conclude in 1969 that “Concretes
that gain strength slowly are related to good performance” [5].
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Figure 1: Compressive strength of cements produced in the 1950s (193
samples) and 1994 (>2150 samples) [3].

The advent of high performance concrete (28 day compressive strength ex-
ceeding 55 MPa) in the 1970s brought controversy to the topic of durability.
The reduction of water contents led to smaller capillary porosity and lower per-
meability, in principle beneficial in slowing down several possible detrimental
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transport phenomena. On the other hand, such concretes exhibit high elastic
modulus, high brittleness, low creep and high autogenous shrinkage, leading
generally to cracking. In this regard, durable concrete needs to minimize not
only permeability on lab specimens but also cracking in situ.

The general need for construction speed practically eliminated low early
strength cements from the market. Visible cracks became an essential part
of structural concrete, generally impairing durability. The worst situation is
obvious in concrete pavements, where slabs of unreinforced concrete are often
exposed to drying/wetting cycles, temperature fluctuations, mechanical loads
and freeze/thaw exposure with de-icing chemicals. Since concrete pavements
belong to critical transport infrastructure, there is enough data from monitoring,
maintenance and statistics for research.

Fig. 2 shows the deterioration of selected Czech concrete pavements as a
function of the service time. They were cast mainly after 1990 and monitor 887
lane-km out of ∼1650 current lane-km [8]. 75% of such concrete pavements
show visible cracking after 15 years, decreasing the service life to likely 25-30
years. Several sections were removed even after a few years due to surface
cracking. This is in contrast with old concrete pavements, particularly the D1
highway built in the 1970s and 1980s, where concrete has lasted for over 40
years without significant cracking problems.

Figure 2: Deterioration of Czech concrete pavements built after 1990 [8].

Fig. 3 shows two examples of surface cracking; a plain concrete pave-
ment on the D1 highway km 237.400 cast ∼2004 and a reinforced parapet
wall built in 2008 on CTU campus. The wall indicates that steel reinforcement
mitigates cracks only partially, crack-resistant binders would eliminate cracks
completely.

2 Causes and impacts of cracking
Concrete is a quasi-brittle material with a low tensile strength thus sus-

ceptible to tensile cracking. Environmental loadings, mechanical loading and
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Figure 3: Cracks in a concrete pavement after ∼17 years and in a parapet
wall after 13 years.

deleterious reactions belong to the three common causes, which can be fur-
ther sorted out into physical and chemical subcategories. The Transportation
Research Board in the USA, a division of the National Research Council ad-

8



ministered also by the National Academy of Sciences, listed common crack
types with regards to their origin and appearance [15]. Fig. 4 shows a modified
version, supplemented with indicative times. It should be noted that the listed
causes remain rather on the concrete scale, uncapturing lower material scales.

Formwork movement
Subgrade movement

Plastic settlement (<3h)
Plastic shrinkage (<6h)
Chemical shrinkage (<10h)

Premature freezing
Scaling, crazing

Thermal change (days)
Autogenous shrinkage (days, weeks)
Drying shrinkage (weeks, years)

Design load / Overload
Design / Subgrade
Creep / fatigue

Carbonation / steel corrosion (years)
AAR / ASR / DEF (years)
Freeze-thaw cycling (years)

Types of 
cracks

Before 
hardening

Construction 
movement

Plastic

Frost damage

After 
hardening

Volume 
instability

Structural 
design

Physico-
chemical

Figure 4: Common causes for concrete cracking with indicative times
[15].

Cracking has generally a high impact on durability, opening concrete sur-
face and increasing its permeability and ingress for water, ions or gases. For ex-
ample, a crack width of 0.1 mm decreases the initiation time 2.6× for chloride-
induced reinforcement corrosion with a 35 mm concrete cover [12].

Autogenous and drying shrinkage are practically inevitable in any con-
crete structure and generally lead to cracking on different scales. Autogeneous
shrinkage is generally pronounced on w/c ≤0.42, affecting the whole concrete
volume mostly up to 1 month. Drying shrinkage is the result of diffusion-
driven moisture transport, affecting adversely the surface of concrete and caus-
ing rather shallow cracks in the mm− cm range.

The mix design plays a crucial role in the propensity for concrete crack-
ing. The most important parameter is the w/c ratio, where w/c ≤0.5 leads
to the depercolation of capillary porosity thus efficiently reducing permeabil-
ity. However, going to w/c ≤0.38 leads to high autogenous shrinkage, higher
strength and modulus, higher brittleness and reduced creep [15]. Low cement
contents and slow hardening cements were found beneficial for crack-resistant
and durable concrete [5, 15].
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3 Hydration of Portland cement and consequences

Portland cement, patented in 1824, binds efficiently mixing water into hy-
dration products. The degree of hydration describes the average state of mi-
crostructure, which can be approximated conveniently by [25]

DoH(t) = 1− mc(t)

mc(0)
≈ Q(t)

Q(∞)
≈ mnw(t)

mnw(∞)
≈ εCS(t)

εCS(∞)
, (1)

where mc(t) is the cement mass, Q(t) the released heat, mnw(t) the non-
evaporable (chemically bound) water, and εCS(t) the chemical shrinkage known
as Le Chatelier’s contraction. In Portland-based binders, chemical shrinkage
attains values around 9%. The approximation by C3S hydration corresponds
to the water / C3S mass ratio of 0.418 and yields

C3S + 5.3H → C1.7SH4 + 1.3CH, (2)
1 + 1.34 → 1.52 + 0.61, (3)

2.34 → 2.13, (4)
1 → 0.91, (5)

where the numbers capture volume fractions.
Autogenous shrinkage is defined as a volume change under sealed condi-

tions, i.e. without any external moisture transfer. Chemical shrinkage practi-
cally equals to autogenous shrinkage up to around the final setting time, when a
load-carrying solid skeleton distributes internal load. Fig. 5 shows such a char-
acteristic behavior of the cement paste, with data combined from two resources
[4, 16] and extended by the CEMHYD3D hydration model.

The difference between chemical and autogenous shrinkage remains within
the microstructure, mostly in the form of empty capillary pores. Relative hu-
midity at 90 days drops to 0.96 for w/c = 0.50 and 0.82 for w/c = 0.20
[13]. Disjoining pressure and capillary pressure are considered as two dom-
inant mechanisms for relative humidity (RH) ≥ 50%. The Kelvin equation
relates the radius of the largest water-filled capillary pore with relative humid-
ity (values for standard conditions at 20◦C) as

r = − 2γVw

RT ln RH
RHS

≈ −1.08 · 10−9

ln(RH)− ln(0.97)
(m). (6)

The Laplace law in a cylindrical tube quantifies capillary tension in the water-
filled pore

σcap =
2γ

r
≈ 0.146

r
(m,Pa). (7)
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Figure 5: Characteristic chemical and autogenous shrinkage of a cement
paste, CEM I 42.5 N - 52.5 N, w/c = 0.40− 0.45.

Combined equations show that RH = 0.90 empties pores above r = 14.4 nm
and induces σcap = 10.1 MPa in water. At lower relative humidity of RH =
0.50, pores under r = 1.6 nm remain full with σcap = 89.6 MPa.

3.1 Microcrack evolution due to autogenous shrinkage
The magnitude and rate of autogenous shrinkage has an impact on mi-

crocrack evolution. This can be demonstrated on a concrete mesostructure
50×50 mm, where 49% vol. is resolved as aggregates, 3% as an interfacial
transition zone (ITZ) around the aggregates and 48% as a shrinking mortar.
The simulation uses the MPS isotropic damage model with exponential soften-
ing for concrete creep and cracking within OOFEM software [23].

Fig. 6 imposes linear mortar deformation −500 · 10−6 within 2 or 4 days,
corresponding to rates−250 ·10−6/day and−125 ·10−6/day. Creep character-
istics are derived from the mortar, the tensile strength is assumed as 4 MPa at
28 days and the shrinkage is imposed at 0.5 day of hydration. The strength in
ITZ is reduced to a half. The results show the opening of ITZ and microcrack
formation up to 1 µm wide. Creep efficiently decreases elastic strain, which
in turns leads to stress relaxation and less cracking. Although this numerical
simulation is simplified in many ways, it illustrates the beneficial role of creep
for microcrack formation.

Experimental evidence of microcracking during sealed hydration has been
carried out recently at Imperial College London using nondestructive 3D X-
ray microtomography [17, 18, 28]. Characteristic 3D images of microcracks
are showed in Fig. 7 after 3.6 years of sealed hydration. The mean microcrack
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Figure 6: Crack evolution in concrete mesostructures 50× 50 mm
exposed gradually to shrinkage −500 · 10−6, shrinkage rates

−250 · 10−6/day (left) and −125 · 10−6/day (right). Planar deformation
enforced on vertical edges, deformations 1000× exaggerated.

widths were found as 10-20 µm on 27 concretes; the density and connectiv-
ity increased with the decreasing water/binder (w/b) ratio and the increasing
binder reactivity. Despite more microcracking at lower w/b ratios, oxygen per-
meability decreased, which shows that transport occurred primarily through
the paste and not the microcracks. Those results are valid for samples cured
at constant laboratory conditions, however, the microcracks tend to grow and
interconnect due to exterior fluctuating environmental actions.

Figure 7: 3D X-ray microtomography of microcracks in
≈ 20× 20× 30 mm box [28].
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3.2 Effect of drying shrinkage
Drying shrinkage requires a moisture flow across a boundary. The rate

of free shrinkage strain can be approximately related to the rate of relative
humidity as

ε̇ = kshḣ, (8)

where ksh is an empirical shrinkage ratio [1]. The crack growth can be vi-
sualized on a concrete mesostructure 50 × 50 mm using a weakly coupled
hygro-mechanical model, see Fig. 8. The unit cell is exposed to 50% relative
humidity from the top, with planar deformation enforced on vertical edges, and
ksh = 3 · 10−3 assigned to a shrinking mortar. Since the deformation localizes
in a crack band with several finite elements, the crack width will reach easily
over 10 µm. Drying causes cracking mainly up to approximately 20 mm from
the top, while the decrease of the drying rate is effectively balanced by stress
relaxation in the mesostructure.

Figure 8: Field of relative humidity and crack evolution in a concrete
mesostructure 50× 50 mm due to top surface drying.

3.3 Stability of crack growth
Autogenous and drying shrinkage in the cement paste are restrained by

aggregates, leading to high tensile stresses and microcracking. Figs. 6, 8 show
such situations for both cases. The crack growth can be approximated in the
form of parallel growing cracks and such a situation has been analysed in terms
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of their stability and bifurcation. Let us consider two parallel cracks with initial
lengths a1, a2 subjected to admissible variations δa1, δa2, see Fig. 9. Such a
system is stable only if [2]

εsh 

–

a 1
δa

1

a 2
δa

2b

a 1a 2
δa

2

G2 G1 G2

Figure 9: Growth of parallel cracks under a plane-stress problem.

2δ2W =
∑
i

∑
j

Wijδaiδaj > 0, (9)

Wij =
∂2U

∂ai∂aj
+
∂Gi

∂ai
δijH(δai), (10)

δai ≥ 0 for Gi = Gf,i, (11)
δai = 0 for 0 < Gi < Gf,i, (12)
δai ≤ 0 for Gi = 0, (13)

where W is the work of loads, U the strain energy of an elastic material, Gi =
−∂U/∂ai the energy release rate of ith growing crack. The critical state of
equilibrium leads to bifurcation and to the growth of only single cracks a2
while cracks a1 become unloaded and they eventually close. The crack spacing
b can be estimated from ∆U = Gf , further assuming a half-space, a parabolic
approximation of the shrinkage strain profile and a characteristic relative crack
length as [2]

b ≥ 15Gf

E

(
1− ν
εsh

)2

. (14)

The realistic numbers for mature cement paste with Gf = 30 J/m2, E =
10 GPa, ν = 0.25, εsh = 2 · 10−3 results at b ≥ 6.3 mm and crack width
w = 13 µm. Taking into account mature concrete with Gf = 100 J/m2,
E = 30 GPa, ν = 0.25, εsh = 5 · 10−4 leads to b ≥ 113 mm and crack width
w = 57 µm.

Crack growth analysis shows that durable concrete under environmental
actions should primarily minimise microcracking and prevent its easy growth
into visible cracks. This can be achieved by decreasing autogenous shrinkage
(w/c ≥ 0.4) and its rate using slow-hardening binders. This idea emerged

14



already in 1994 by P. K. Mehta [20], describing a transition from discontin-
uous microcracks to interconnected microcracks, accompanied with concrete
spalling and disintegration.

4 Multiscale model for strength scaling
A multiscale model had been developed within Nanocem, a consortium of

23 large academic and 10 industrial partners mostly located in Europe. CTU in
Prague became a founding member in 2004. It is worthy to mention a few aca-
demic partners that attended biannual meetings; Ecole Polytechnique Fédérale
de Lausanne (EPFL), Aarhus University, Bauhaus-Universität Weimar, Uni-
versity of Aberdeen, Leeds University, Eidgenössische Materialprüfungs- und
Forschungsanstalt (EMPA), Technical University of Denmark, Imperial Col-
lege London, Technische Universität München, Technische Universität Wien,
University of Sheffield. Notable industrial partners covered Aalborg Portland
Group, Heidelberg Technology Center, LafargeHolcim, Titan Cement, or Sika
Technology. An internal “Core project 10” allowed close cooperation with
Technische Universität Wien and supported our Ph.D. student M. Hlobil.

The multiscale micromechanical model for the prediction of compressive
strength of blended cement pastes is based on the hierarchical modeling of
unit cells [11]. Elastic modulus, tensile strength and estimated fracture en-
ergy as homogenized fracture quantities are passed from a lower level higher.
The extended and corrected version is depicted in Fig. 10 [27]. The model
builds on assumption that a C-S-H globule is considered to be the only strain-
softening component in the multiscale model, leading essentially to failure at
each level. Softening occurs under excessive tension or compression using an
elasto-damage constitutive law [11]. Fig. 10 shows the strength scaling for a
mature cement paste of w/c = 0.50 and the length estimation of the fracture
process zone as Rc ≈ 4EGf/f

2
t .

The hypothesis of the C-S-H globule failure (upscaled to the C-S-H failure)
has been successfully tested on a ternary binder made from coal-combustion
products, producing ettringite and C-S-H as the main hydration phases. The
multiscale model yielded excellent strength prediction since C-S-H still presents
the dominant percolating phase in the system [10].

The model allowed the prediction of compressive strength of blended ce-
ment pastes; a newly assembled database yielded 76 strength values for ordi-
nary Portland cements, 5 for slag-blended cements, 5 for limestone-blended
pastes, and 4 for finely ground quartz-blended pastes, see Fig. 11. A gradient
of C-S-H was found, revealing a non-uniform distribution in the microstruc-
ture, captured by the parameter β = 0.6. It has to be emphasized that only the
C-S-H globule failure was responsible for strength, the other phases behaved
elastically.
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Figure 10: Multiscale model for strength scaling, extended from [11].
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Figure 11: Validation of model-predicted compressive strength with
experiments for β = 0.6 (left) and the C-S-H/space descriptor (right) [11].

The original version of the model predicted the tensile strength of the
C-S-H globule as 320 MPa. However, direct measurements on ≈20 µm long
cantilever beams from mainly the C-S-H phase revealed later that the theoreti-
cal globule’s tensile strength must be much higher [21]. The tensile strength of
2500 MPa is much closer to a) theoretical strength as ft ≈ E/10 = 57.1/10 =
5.71 GPa, b) the results of a strongly cohesive polydisperse molecular model
[7] and c) consistent with the N-A-S-H gel packing [22]. Fig. 12 shows the
strength scaling and microstructure images for C-S-HLD and C-S-HHD.

The model improvement occurred through introducing microcracks into
Level 4, otherwise the strength scaling becomes mismatched between Level 2
and Level 4 by a factor between 3 and 8. The critical microcrack length was
identified between 0.1 - 1.0 mm, reducing strength in a microcracked cement
paste [27].
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5 Crack-resistant road cements
The cracking of concrete structures was demonstrated on recent Czech con-

crete highways in Fig. 2. Crack-resistant binders have been debated for decades
in the literature [5, 8, 9, 15, 19, 28]. The general conclusion on the paste (or
binder) scale is to use slow-hardening binders or low alkali cements, both de-
creasing microcracking due to a lower rate of chemical shrinkage [5, 28]. There
are at least four common methods how to achieve that objective:

• Changing clinker chemistry from alite-rich to belite-rich cements.
• Decreasing alkali content.
• Decreasing Blaine fineness.
• Substituting part of Portland clinker for less reactive supplementary ce-

mentititous materials.
The two last options are generally feasible from an industrial perspective, with
small changes in cement production.

The differences in the hydration kinetics and the impact on cracking resis-
tance will be exemplified on four road cements. Tab. 1 provides the current
clinker composition from the Mokrá cement plant, the Czech Republic, where
the Taylor mineral calculation yields C3S 63.2%, C2S 11.7%, C3A 6.9%, and
C4AF 10.3%. The potential hydration heat corresponds to Qpot = 512 J/g.

Table 1: Composition of Mokrá’s Portland cement CEM I 42.5 R(sc) from
May 31, 2018.

CaO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O MgO
63.8 20.7 4.8 3.4 3.2 0.16 0.75 1.4

Two Portland cements were ground from the same clinker, yielding a fine-
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ness of 306 m2/kg and 256 m2/kg. The third blended binder was mixed using
ground granulated blast furnace slag SMŠ 400. The fourth binder is from the
1970s when it was used for long-lasting concrete pavements in Czechoslovakia.
The four cements are summarized as:

1. CEM I 42.5 R(sc) Mokrá with the Blaine fineness of 306 m2/kg as a rep-
resentative from the 2016-2018 commercial production range for con-
crete pavements.

2. CEM I 42.5 N Mokrá with the Blaine fineness of 256 m2/kg.
3. A blended binder 75% CEM I 42.5 R(sc) + 25% SMŠ 400, which was in-

termixed in a concrete plant. The Blaine fineness yields 330 m2/kg. This
cement was used for ∼ 9 km of the D1 pilot highway section Přerov-
Lipník nad Bečvou [9].

4. CEM I 32.5 R Maloměřice (formely SC70) used for Czech highway con-
crete pavements between the 1970s-1996. The concrete made from this
cement served well for decades, for example over 40 years on the D1
highway between Mirošovice and Kývalka.

Binder’s reactivity was determined by isothermal calorimetry, see Fig. 13.
The hydration heat was measured in the TamAir calorimeter according to the
prEN 196-11 method A changed for w/b=0.45. The heat evolution for CEM
I 32.5 R Maloměřice remained unknown; it was matched by the compressive
strength evolution with a similar Portland cement, ground to the Blaine fine-
ness of 250 m2/kg. The results show that reactivity is slowed down by the
fineness, the clinker-slag replacement and the older wet technology production
with unselective milling process.
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Figure 13: Released heat by isothermal calorimetry with approximations.

Fig. 14 summarizes the compressive and flexural strength evolution on
standard mortars. Since a relationship between the degree of hydration and
strength exists, the results from Mokrá’s cements were fit on the curves from
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Fig. 13 as

fc = a

(
DoH −DoHa

1−DoHa

)
, (15)

ft = b

(
DoH −DoHb

1−DoHb

)0.65

, (16)

with parameters a,DoHa, b,DoHb. The additional contribution of slag for
compressive strength is treated by an additional function added after 7 days of
hydration. The evolution of both strengths is high enough in all four binders
for building concrete pavements.
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Figure 14: Compressive and flexural strength from four standard mortars.

5.1 Restrained ring test
The restrained ring test is a well-established method for testing the crack

resistance of binders, mortars or concretes. The test was documented histor-
ically on at least 13 different ring dimensions and became adopted in several
standards such as ASTM C1581 or AASHTO T334 [26]. The test is driven by
tensile stresses induced by restrained autogenous and drying shrinkage. Stress
relaxation and the tensile strength increase act beneficially for crack mitigation.

The first documented ring test was conducted by R. Carlson already in
1939–1942, followed by many researchers [5]. The ring test combines auto-
genous and drying shrinkage, creep, tensile strength evolution, fracture energy
evolution and crack propagation. Several concrete structures, such as slabs or
pavements, may exhibit cracking due to the combination of the aforementioned
phenomena.

The short-time restrained ring test provided a strong correlation with long-
term concrete cracking [5]; such an experiment was conducted on 28 various
cements used for 104 panels 2.74 × 1.22 × 0.41 m in size, placed around
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the Green Mountain Dam, Colorado in 1943. The cracking time of the ring
correlated well with the concrete surface cracking after 53 years; the sooner
the ring cracked, the more severe cracking appeared later. Low alkali cements,
coarser cements and lower C3A cement performed the best.

Our ring test originates from R. W. Carlson’s design but has a thinner
steel ring to improve the deformation measurement [6], see Fig. 15. Mortars
from the tested 4 cements and also other 19 cements were prepared mainly at
w/b = 0.45 with the sand/binder ratio of 3:1. Drying at a relative humidity of
50% started after 24 hours of sealed curing. Four strain gauges measured the
contraction of the steel ring, each binder was tested in at least two rings and
the cracking time was averaged.

 

25 4.8 57.7

Ø
=175 m

m

Ø=125 mm

38

Strain gauges

Figure 15: Ring geometry and the experimental setup.

Fig. 16 shows a characteristic strain evolution from three selected binders
with a remarkable drop and macrocrack formation in the CEM I 42.5 R(sc) ce-
ment at 30 days. Strain fluctuations reflect a partly-stabilised RH environment
in the range of 45-55%.

The results from 23 tested cements are summarized in Fig. 17. The descrip-
tion around a data point expresses the Blaine fineness and an average cracking
time from at least two rings; the symbol ≥ means that the experiment was
ceased without a crack. Fig. 17 justifies two factors acting beneficially for
crack-resistant binders: low Blaine fineness and clinker substitution by less re-
active slag. A violet line is a hypothetical threshold for binders that can survive
at least 40 days without a crack in the ring test.

CEM I, CEM II/A-S and CEM II/B-S can belong to crack-resistant binders
if the fineness stays reasonably low. Blue circles show Austrian norms and ce-
ments used for Austrian highway concrete pavements, generally with excellent
durability. In Fig. 17, there are only two green-colored cements available on
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Figure 16: Hoop strain on the steel ring during the restrained shrinkage
test.

the market, the other green-colored cements disappeared due to requirements
for fast construction schedules.
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Figure 17: Results from 23 cements measured in the ring test.
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5.2 Hygro-mechanical simulations

A hygro-mechanical model is able to capture the ring behavior, as demon-
strated in the COST TU1404 benchmark [26]. The relative humidity field, h,
stems from the water mass balance equation

∂w

∂h

∂h

∂t
= ∇ · [c(h)∇h] , (17)

with the Bažant-Najjar moisture permeability function calibrated as

c(h) = 2.56 · 10−3

0.1 +
1− 0.1

1 +
(

1−h
1−0.7

)10
 kg/m/day. (18)

The numbers capture mortar’s behavior from the CEM I 42.5 R(sc) Mokrá
cement with the Blaine fineness of 306 m2/kg. For simplicity, the desorption
isotherm used a constant slope ∂w

∂h = 196 kg/m3, the initial condition assumed
a relative humidity of 0.98 and the surface flux uses a hygric exchange coeffi-
cient of hw = 0.28 kg/m2/day.

The solution of the mechanical problem uses a staggered approach with a
known relative humidity field at a particular time step. A fixed crack model
is combined with a viscoelastic model to obtain stress evolution and fracturing
strain as

σi+1 = σi + D̄ve (∆ε−∆ε′′ −∆εsh −∆εT −∆εcr) . (19)

The viscoelastic model is based on B3/B4 solidification models, extended
further for the effect of humidity evolution [14]. Fig. 18 shows schematically
the Kelvin unit chain where the relative humidity controls viscosity and the
flow term εf . In addition, the decrease of relative humidity slows down the
equivalent time, which captures the creep reduction of dry concrete.

Figure 18: B3 creep model as a solidifying Kelvin chain [1]. Serial
coupling with the cracking strain.
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The rate of drying shrinkage strain is related to the rate of relative humidity
as

ε̇sh = kshḣ = 1.42 · 10−3ḣ, (20)

while autogenous shrinkage is neglected. The uniaxial tensile strength at 28
days is estimated as 4.0 MPa, fracture energy at 28 days estimated as 50 J/m2.
The B3 model with equivalent times predicts ageing viscoelastic behavior with
standard values from the mix design.

The finite element analysis of a restrained ring approximates geometry with
a quarter of the top-half symmetric part. Both hygro-mechanical tasks use
the same mesh. Interface elements are placed between steel and mortar rings,
allowing the interface opening and a more compliant shear slip. In order to
increase the strain localisation, an artificial notch was created by reducing the
one cross-section area by 5%.

Fig. 19 shows the relative humidity field, the first principal stress at 30
days, just prior to the macrocrack formation over the whole mortar ring. The
ring cracks at 31 days. Fig. 20 validates brittle failure at 31 days while the
simulation retains a small strain value due to a nonzero shear stress between
the steel and the mortar. Drying shrinkage is the major driving strain which is
counterbalanced by stress relaxation and a tensile strength gain.

Figure 19: Hygro-mechanical simulation of 1/8 of the ring test. Before
cracking (left) and after cracking (right).

5.3 Pilot highway project

A pilot highway project started in 2017 as a joint activity among the Road
and Motorway Directorate (ŘSD ČR), a contractor Skanska, a.s. and the Czech
Technical University in Prague [24]. The objective was to test a durable con-
crete pavement with particular goals:
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Figure 20: Validation of the ring test.

• Find a new concrete mix design for increased durability, even beyond
current technical specifications.

• Test the new concrete on a pilot highway project.
• Short-term and long-term monitoring of selected pavement slabs and

concrete pavement section.
• Thermo-mechanical numerical analyses with recommendations.
• Changing technical specifications up to our best knowledge.
The pilot highway project took place in the D1 section Přerov-Lipník nad

Bečvou, the Czech Republic. 2 713 m was cast from the reference Portland ce-
ment CEM I 42.5 R(sc), Mokrá and 8 978 m made from a slag-blended, slow
hardening binder 75% CEM I 42.5 R(sc) + 25% SMŠ 400, corresponding to
CEM II/B-S 42.5 N. The characteristics of both binders were introduced pre-
viously in Section 5. The concrete pavement was cast during 06/2018-09/2019
with the summary in Tab. 2. The first concrete batch with the slag-blended
binder was laid on July 23, 2018. The highway section was open to public on
Dec 12, 2019.

Table 2: Length, area and volume on the pilot highway section.

Concrete with binder
Length

(m)
Area
(m2)

Concrete volume (m3)

Bottom Top Total

CEM I 42.5 R(sc), reference 2 713 57 205 14 962 3 399 18 361

CEM II/B-S 42.5 N =
75% CEM I 42.5 R(sc) + 25% SMŠ 400

8 978 176 340 43 982 10 754 54 736

The concrete from both binders had to fulfill the strength grade C30/37 at
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28 days, such a requirement was achieved for both concretes, see Fig. 21. It
is proved that the slag-blended binder provides a long-term strength evolution
even within the monitored 59 days and extending to years. A small tensile
strength drop of the reference binder shows likely the effect of microcracks.
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Figure 21: Compressive and tensile strength evolution of top and bottom
concretes.

The de-icing salt-frost scaling test was carried out according to the ČSN
73 1326 method A with 100 cycles. Tab. 3 summarizes the results from the
top layer, staying much below the limit of 1000 g/m2. The slag-blended ce-
ment performed better in situ while the lab results show the opposite. Similar
reversed trends were documented on dried specimens [5, Fig. 36].

Table 3: De-icing salt-frost scaling test, concrete age of 28 days.

Concrete with binder Cube from lab (g/m2) Cylinder from
pavement (g/m2)

CEM I 42.5 R(sc), ref. 210±130 232±125

CEM II/B-S 42.5 N =
75% CEM I 42.5 R(sc) + 25% SMŠ 400

360±190 156±84

5.3.1 Long-term monitoring

A long-term monitoring system was designed and installed in one concrete
pavement slab with dimensions of 3.5 × 5.0 × 0.29 m. The system records
temperature and strains at six measuring locations in a single slab, see Fig. 22.
Each location contains three vibrating wire strain gauges located 50 mm from
the surfaces and in the mid-height. All the gauges had integrated temperature
sensors. In addition, one thermal gauge was placed 150 mm under the pave-
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ment in order to deliver the sub-base temperature. Ambient air temperature
and solar radiation sensors were installed as well.

Figure 22: Plan view of the monitored concrete slab.

A two-step installation process ensured proper installation in a two-layer
concrete placement. Protective covers hid the strain gauges before the place-
ment, see Fig. 23. After the first finisher had passed, the covers were removed,
the gauges put in their positions and the empty space filled back with concrete
using hand vibrators, see Fig. 23. Finally, the top layer finalized the slab.

The monitored data are unique within the Czech Republic and scarce even
worldwide. Fig. 24 shows the temperature evolution during 37 months on se-
lected gauges. The maximum temperature reached 52.1◦C after casting, other
maximum temperatures yielded 46.0◦C during summer and the minimum air
temperature attained -15◦C. Since the gauges have an offset of 50 mm from
both surfaces, the linear temperature extrapolation to top surface gives extreme
values of -9.0◦C and 49.6◦C.

Fig. 25 summarizes the temperature gradient, calculated from the temper-
ature difference and assuming a linear temperature distribution. It is clear that
solar radiation causes an additional increase of the surface temperature, leading
to two-times higher negative gradients than the positive ones during the night
cooling.
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Figure 23: Vibrating wire gauges under protective covers. Detail at one
assembled location.

Figure 24: Temperature evolution at selected gauges, including the air and
sub-base temperature.

A 2D heat transport model validated the first three days. The model takes
into account a calibrated heat release from cement isothermal calorimetry.
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Figure 25: Temperature gradient over the thickness.

Boundary conditions include real-time data of solar irradiance, radiation and
convective terms, the initial conditions were set according to measured temper-
atures, see Fig. 26.

Figure 26: Geometry and boundary conditions for heat transport.

A strong formulation of heat transport is derived from energy balance as

−∇Tq(x) +Q(x, t) = ρ(x)cV (x)
∂T (x, t)

∂t
, (21)

where q(x) (W/m2) is the heat flux originating from conduction and various
boundary conditions, Q(x, t) (W/m3) represents the known heat source, ρ(x)
(kg/m3) stands for the material density, cV (x) (Jkg−1◦C−1) is the specific heat
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capacity and T (x, t) (◦C) represents the unknown temperature field.
Fig. 27 shows the validation, including the heat of hydration. It transpires

that hydration contributes to approximately a 7◦C increase. After two days,
the hydration heat contributes negligibly.

Figure 27: Three day validation after casting including hydration heat.

Vibrating strain gauges measure relative head displacements, which can be
decomposed to

ε = εve + εT + εas + εds + εf + . . . , (22)

where partial strains represent viscoelasticity, temperature effects, autogenous
shrinkage, drying shrinkage, fracturing strain, etc.

Fig. 28 shows partial strains on the mid-plane, zeroed at 2 hours after the
end of setting for all gauges. Autogenous shrinkage plays a dominant role in
the first week, reaching -70 µε in the transversal direction. In the longitudinal
direction, continuous casting led to prestressing, which adds additional strain.
A small average drying shrinkage strain -30÷-120 µε is apparent after 3 years
of drying.

The kinetics of slab drying can be estimated from small lab samples 60 ×
100 mm exposed to 50% RH from the widest side. The calibration of the
B4 model led to different asymptotic values εcem = 800 · 10−6, εau,cem =
80 · 10−6. Fig. 29 shows the lab sample and the average shrinkage for slab’s
edge gauge W52 when drying to 80% RH from the top.

The strain from gauge W52 was shifted by 40 µε to eliminate longitudinal
prestressing. The predictions show that the slab will be drying for approxi-
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Figure 28: Partial strains on 18 gauges.
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Figure 29: Shrinkage of the mid-plane.

mately 30 years. It should be mentioned that other gauges show smaller mid-
plane shrinkage values, attributed likely to other partial strains and restraints.

The measured strains allowed calculating the curvature of the slab, assum-
ing a planar deformation of the cross-section. Fig. 30 shows the total curva-
tures, capturing the temperature variations and demonstrating a slow positive
drift due to top drying. The slab displacement can be obtained from double
curvature integration, for example max{κ1, κ2, κ3} = 0.5 km−1 leads to the
edge uplift w = 0.5 · 2.52/2 = 1.56 mm.
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Figure 30: Total curvatures at six locations.

5.3.2 Characteristic summer slab performance

The measured data allow reconstructing a characteristic summer day with
solar irradiance and air temperature changes. Fig. 31 validates temperatures at
three gauges with reasonable agreement.

Figure 31: Validation of summer days.

The mechanical task uses a concrete slab resting on the Winkler-Pasternak
foundation. The interface contact elements guarantee slab separation. Fig. 32
estimates the normal stress σyy when using the simplest elastic material with
Young’s modulus of 35 GPa. The maximum stress of 1.74 MPa occurs at 3
AM during the cooling phase, reaching about 40% of concrete’s strength.
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Figure 32: Normal stress σyy at 3 AM during a summer day.

5.3.3 Static load test

The static load test took place on the monitored slab on Apr 29, 2019. Two
trucks were positioned to induce concave deformed shape, the axle loads on the
slab had 109.6 and 116.6 kN. Fig. 33 also shows the slab deformations from
the mechanical model.

Figure 33: Static load test for a concave deformed shape and
displacements.

Fig. 34 shows experimental partial strains, induced due to thermal effects
and static loading. While fluctuating temperature induces daily fluctuations
±10 µε, the truck load induces ±5 µε only. The results demonstrate that tem-
perature effects contribute to fatigue as well, which should be reflected better
in pavement design codes.
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Figure 34: Strains in the top gauges. The brace shows the effect of truck
loading.

6 Conclusions and outlook

Slow-hardening binders offer an easy approach to extend the durability and
service life of exterior concrete structures. The current explanation is based
on invisible microcracks, driven by chemical shrinkage and by a short time for
stress relaxation. The fluctuation of temperature, humidity and other strain-
inducing mechanisms coalesces the microcracks into visible cracks, increasing
permeability and finally disintegrating concrete. The need for fast construction
schedules practically eliminated slow-hardening binders from the market and
gave rise to crack-prone concretes, exhibiting severe cracking under exterior
conditions.

Ring shrinkage tests can reveal binder’s resistance to cracking, justified
also on 53 year old panels. A longer time for the ring failure means a higher
resistance to cracking due to drying. The ring test served for designing crack-
resistant slag-blended cement for concrete pavements used on an almost 9 km
long, pilot highway section. After three years of slab monitoring, the data
show the anticipated behavior both in thermal and mechanical parts. A detailed
visual inspection after 3 years showed no visible cracks. This supports the
benefits of slow-hardening binders as provided by history lessons. Success in
the pilot highway section has triggered revisions for national standards and new
specifications for road cements.
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