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Abstract The development of restraint-induced

stress in reinforced concrete members at an early age

can be tested using setups applying either passive or

active displacement control. To provide results rele-

vant for the practical design of minimum reinforce-

ment to limit the crack width, an actively controlled

test setup for large specimens was developed to

perform a systematic experimental campaign focusing

on the early crack development under well-defined

mechanical and thermal boundary conditions. The full

degree of restraint achieved by actively preventing any

displacement of the member allowed for the theoret-

ical interpretation of early restraint-induced stress

evolution, deformation behaviour in the cracked and

uncracked regions, and reinforcement stress for a

variety of parameters, including hydration rates,

member height, bar diameters and subsequently

reinforcement ratio. The cracking process, starting

with primary cracks accompanied by secondary cracks

within the effective reinforcement area, is monitored

in combination with the development of the tensile

strength and Young’s modulus of the concrete.

Furthermore, the time of cracking and the forces

released upon crack occurrence, considering the effect

of self-equilibrating stresses, are determined,

analysed, and compared with the results of crack-

force based design rules to determine the minimum

amount of reinforcement that ensures the crack width

limitation.

Keywords Reinforced concrete slab � Early crack

development � Restrained members � Minimum

reinforcement � Crack width control

1 Introduction

In most structural systems, voluminous concrete

members such as walls, slabs and shells are exposed

to restrained displacement boundary conditions. This

results in tensile stress occurring due to the partial or

full prevention of free deformation, which can lead to

cracking. To limit the crack width, the amount of

reinforcement must be determined in such a way that a

sufficiently small crack spacing and crack width are

ensured. The design of this reinforcement amount is of

special interest for thick members [1–4], high degrees

of restraint [5, 6], and design situations with special

requirements for crack width control [7].

In early concrete age, the hydration induced

temperature development in a restrained structure

leads to induced strains. The resulting restraint-

induced stress is influenced by the concrete’s Young’s

modulus development and early creep behaviour
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[8–10]. Following the temperature rise in the first

phase of the concrete hydration, the subsequent

cooling down phase of the member increases the

tensile stress that can reach the concrete tensile

strength, leading to early crack occurrence [11, 12].

Beyond the early age, sustained long-term stress

development can lead to tension as high as the tensile

strength, causing late cracking [13, 14].

Shrinkage induces strains which are part of the

overall restraint-induced stress under restrained con-

dition. During concrete hydration, chemical and

autogenous shrinkage occur, with strain values

decreasing at the end of the hydration process. The

moisture transport between the concrete member and

the environment leads to drying shrinkage. The

resulting moisture variations in the specimen depend

on the geometrical properties and the thermal bound-

ary conditions. For example, upon the removal of the

formwork a high moisture flux between the member

and the ambient air occurs, resulting in increasing

shrinkage strains. Such a change of the moisture

content in the concrete member affects the magnitude

of drying shrinkage strain. The interaction of shrink-

age with the hydration-related temperature develop-

ment during the early age of concrete [15, 16] or with

e.g. high magnitudes of ambient temperature [17] over

the service life [18, 19] induces tension in a restrained

member that provokes cracking.

For restraint-induced stress the free deformation

must be prevented. The degree of which this free

deformation is restrained influences the magnitude of

the stress, an increasing degree of restraint signifi-

cantly increases the restraint-induced stress and

therefore influences the time of first cracking and the

number of cracks [20–24]. When conducting experi-

mental investigations on restraint members, the degree

of restraint must be accounted for in the test setup. A

good overview of different test setups to conduct

restraint tests on concrete specimens with and without

reinforcement can be found in [25, 26]. Commonly

used are passive frames placed around the reinforced

concrete specimens to restrain their displacement [27]

or plain concrete rings [28]. The degree of restraint

depends on the frame stiffness. To investigate the

cracking behaviour, especially for large specimens, a

frame with a very high stiffness is necessary to

simulate the high forces that occur in the configuration

of an infinite slab. An example is provided by the

CEOS.fr project [24], where reinforced concrete slabs

with a cross-section of up to 0.4 m2 were tested under

exterior conditions with a passive frame consisting of

steel bars and solid concrete blocks at the specimen

ends.

As an alternative to partially restrained systems, an

actively controlled test setup that ensures zero change

in the specimen length can be used to introduce a fully

restrained state, often referred to in the literature as

‘Temperature Stress Testing Machine’. The actively

controlled displacement is either achieved by an

applied displacement counteracting the occurred

deformation of the specimen [29, 30] or is equivalent

to the free deformation of a specimen without

restrained deformation tested under identical thermal

conditions [20, 31–33]. In addition to tests with

unreinforced specimens [20, 29, 31, 32], multiple-

cracking behaviour of restrained steel-reinforced

concrete members has been investigated in [30, 33].

The type of displacement control, either continuous or

stepwise and its timing, has a significant influence on

the development of the restraint-induced stress.

Moreover, to ensure reproducible results, test series

with controlled, constant climate conditions were

introduced, using either insulated formwork, e.g. in

[27, 29], or climate-controlled rooms, e.g. in [20]. Due

to practical limitations in the laboratory, these series

were often limited to smaller specimen sizes.

To gain a deeper insight into the stress development

and cracking behaviour of restrained members in early

concrete, an experimental program was conducted

testing reinforced concrete slabs under partially and

fully restrained conditions. The restraint-induced

stress is caused by the temperature development due

to hydration and shrinkage without additional external

stress loading. To provoke early cracking under

defined restrained boundary conditions during the

test, a setup with active displacement-controlled

loading has been developed. It prevents the global

elongation of the specimens under steady ambient

climate conditions, which is controlled by an inte-

grated air conditioning system. Systematic variation of

the test parameters, namely the member height,

hydration rate of the concrete mixture, reinforcement

ratio and bar diameter, has been used to study their

effect on the restraint-induced stress development,

cracking, and post-cracking behaviour. The results are

discussed in view of the design-relevant characteris-

tics such as tensile strength at the time of crack

occurrence, self-equilibrating stress profile, steel
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stress development and bond strength. In design codes

such as fib Model Code 2010 or Eurocode 2, the

mentioned characteristics are used to determine the

minimal amount of reinforcement required to ensure

the crack width limit and consequently the durability

of the structural member.

2 Restrained stress and crack development

at early age

The temperature field in a structural member is

conditioned by the concrete mixture, the cross-

sectional geometry and the thermal boundary condi-

tions [10, 20, 34, 35]. Any change in temperature leads

to an increase in strain, which results in stress

development under restrained deformation. Young

concrete undergoes a large creep and relaxation

process reducing the stress increase over time

[36–38]. This viscoelastic material behaviour leads

to a considerable and non-negligible reduction of the

theoretical pure elastic stress evolution [20–22].

In the initial phase of the hydration process, the

rising temperature induces compression under

restrained condition. However, the maximum com-

pression of the specimen occurs before the maximum

concrete temperature is reached, as smaller strain

increments add to the overall viscoelastically reduced

stress field. The following cooling phase leads to stress

reduction towards zero value, defined as the time of

second zero-stress t2. Because the stress field in a

member is inhomogeneous, there is a certain time

period in which all material points pass through the

second zero-stress level. The progressive cooling and

thus the growth of tensile strains increases the

restraint-induced tensile stress, increasing faster over

time due to the increase of the developing Young’s

modulus as well as to the different creep and relaxation

behaviour of concrete under compression and tension

[39–42]. When cracks occur, the restrained deforma-

tion is partially compensated by the crack opening,

which depends on the fracture mechanics of concrete

(e.g. calculation approaches in [43]) and the bond

behaviour with the reinforcement. Further growth of

strains and restraint-induced stresses leads to ongoing

crack occurrence.

The crack formation process depends on the

member height and reinforcement layout. While thin

members typically exhibit only primary cracks

running through the entire cross-section, secondary

cracks occur in the boundary zone around the

reinforcement in thick members [3, 7]. The crack tips

of branched secondary cracks are typically directed

towards the nearest primary crack. It is shown that the

size of the boundary zone with secondary cracks

increases with the member thickness [3]. In design

codes such as the Eurocode 2 [44, 45], this dependency

is taken into account by a linear relationship [7].

Restrained members exhibit a non-linear stress

profile over height, consisting of a constant stress

component induced by the global temperature change,

a linear component due to different temperatures at the

opposite surfaces, and a non-linear component caused

by self-equilibrating stresses. The linear component of

the stress profile becomes significant for dominating

flexural restraint.

In general, cracking occurs when the decisive local

tensile stress in the member reaches the concrete tensile

strength fct,eff. Many design codes, e.g. [44, 46], assume

a direct link between the crack-released force Fcr and

the required minimum reinforcement As. Equation (1),

adapted from [7, 45], displays this approach

Fcr ¼ rsr � As ¼ f ct;eff � Ac;eff: ð1Þ

For this crack-force based approach, the tensile

strength at the time of cracking and the effective

concrete area under tension Ac,eff must be known or

assumed. In addition, the effect of self-equilibrating

stress should be considered. Regarding the steel stress

rsr in the crack, a kinematically based consideration of

the strain difference between the reinforcement and

concrete in the cracked area can estimate the maxi-

mum acceptable value of the steel stress to limit the

crack width wk. Simplifications consider a mean strain

level for the reinforcement and the concrete. Neglect-

ing the influence of shrinkage, it is assumed that the

crack width equals twice the transfer length multiplied

by the mean strain difference for a single crack

running through the entire cross-section. The steel

stress is then given by

rsr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � wk � sbm � Es � ð1þ q�aeÞ
ds � ð1� bÞ

s

; ð2Þ

with the modular ratio ae = Es/Ec, the reinforcement

ratio q = As/Ac, and the bar diameter ds. The design

bond strength sbm is assumed to be constant over the

transfer length and is usually approximated as a
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function of the concrete tensile strength. The influence

of a bond-free length at the crack itself is considered

by a simplification, assuming a design bond strength

sbm = 1.8fct,eff, as proposed in design codes [45, 46].

To account for the actual non-linear bond behaviour

over the length, a reduction factor b is used, which also
considers additional effects such as bond creep under

long-term loading [46, 47].

This crack-force based approach focuses only on

the local discontinuity area around a single crack and

neglects the behaviour of the whole member. Never-

theless, cracking in other areas affects the restrained

deformation and the overall member stiffness as

reported in [27, 48], by interacting with the stress

development, the time-dependent material behaviour,

the crack mechanism and the system’s degree of

restraint. Various approaches have been considered in

the literature to account for the interaction between the

local discontinuity region and the behaviour of the

whole structural member. For example, the deforma-

tion compatibility reported in [48, 49] accounts for the

actual restrained deformation of a member being equal

to the deformation occurring in the uncracked concrete

plus the total crack width. The existing criteria for

thermally induced cracking [25] are distinguished into

stress-based, strain-based, and combined and account

for the time-dependent behaviour as well as the degree

of restraint. However, the effect of the reinforcement

and the member behaviour after the occurrence of the

initial crack is not considered.

The influence of the named factors on the stress

development and cracking behaviour of restrained

reinforced concrete members at early age of concrete,

the material variations, and the interactions of the

factors with each other lead to a complex behaviour of

the member. Therefore, the experimental campaign

aims to isolate the effect of each factor on the

structural response under well defined, and repro-

ducible mechanical and thermal boundary conditions.

3 Experimental campaign

3.1 Test setup simulating a section in an infinite

slab

The test setup used for the herein presented investi-

gations is conceptualised aiming to represent a section

of an infinite slab under centric tension due to

deformation restraint and concrete hydration. There-

fore, the thermal and mechanical boundary conditions

of this section are chosen to represent a large,

restrained concrete slab in situ (Fig. 1). To simulate

this condition, the surfaces representing the transitions

to the surrounding infinite slab, corresponding to the

x–z planes in Fig. 1, have been insulated throughout

the testing phase to prevent almost all thermal flux. It

is further assumed that no heat flux is possible in the

regions of load introduction, being the y–z planes. On

the following day after casting the specimen, the

formwork of the surfaces in contact with the ambient

air corresponding to the x–y planes marked in green

was removed. The surfaces were enclosed in a

climate-controlled containment ensuring constant

ambient temperature and humidity, with a fixed

ambient temperature of 17 �C and a relative humidity

of 50%. This led to reproducible heat and moisture

flux between the specimen and surrounding environ-

ment under steady ambient conditions, which were

nearly equal for all specimens. The result of equal

ambient temperatures on these surfaces is pure centric

restraint. The full degree of restraint was achieved by

preventing any movement of the specimen ends in the

longitudinal (x-) direction with the active zero dis-

placement control.

3.2 Active zero displacement control

In the present study, the test setup with actively

controlled full restraint and ambient conditions was

designed to allow for a rigorous theoretical interpre-

tation of the experimental results. The full restraint

represents the asymptotic case for the evolution of the

maximum concrete compressive and tensile stresses

that can occur in an infinite slab. In this configuration,

the time of initial crack occurrence and the amount of

stress released are not biased by any undefined free

displacement of the specimen ends. In this form, the

test results provide a sound basis for in-depth inter-

pretations using theoretical and numerical models of

early crack development. Examples of the use of test

results as a basis for modelling the restraint-induced

stress and early crack development can be found in

[21, 50–52].

To achieve this fully restrained condition for large

specimens, able to represent a section of an infinite

slab, the test setup displayed in Fig. 2 has been

developed. It employs a cylinder with the required
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load capacity of 1 MN, an air-conditioned contain-

ment to control the ambient temperature, and a sensor-

based active load control system.

The cross-section in the load introduction area of

each specimen was widened. Sufficient anchorage was

ensured by additional reinforcement in this area

(Fig. 2). The temperature sensors were attached to
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and bar diameter ds
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concrete hydration rate
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Fig. 1 Transferring the boundary conditions from an infinite slab towards a sectional representation in the test setup, with the
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Fig. 2 Test setup with active zero displacement control for the two different phases of framing and air conditioning
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vertical bars (z-direction) and placed at several

locations along the length of the specimen, as

displayed in Fig. 3a. The formwork was arranged

between the lateral control steel beams at the ends of

the specimen (Fig. 2a), so that concreting could be

carried out directly in the test setup. After completion

of concreting, the top was closed with formwork

(Fig. 3b) and a thermal insulation layer. The 20 cm

thick layer with a thermal conductivity of 0.03 W/

(m�K) was used to reduce the heat flux to a minimum.

During the entire test period of 7 days, both the bottom

and the top surfaces of the specimen remained framed

and isolated. On the vertical sides of the specimen, the

formwork was removed after 1 day (Fig. 3c) and

replaced with a thermal insulation containment to

introduce controlled ambient temperature and humid-

ity using an air conditioning device. In the anchorage

areas, heat flux was prevented by attaching insulation

on the side-surfaces.

The active displacement control was realised by

sensing the displacement at both ends with linear time-

variable displacement sensors (LDTVs). During the

first hours of the hardening phase with compressive

stress, the LDTVsmeasured the displacement between

the floor and the load introduction adapters on both

sides of the specimen. Once sufficient bond developed

between the concrete and the threaded steel bars

protruding from the specimen at both ends without

contact to the load adaptors (Fig. 3a), these LDTVs

were repositioned to directly measure the displace-

ment between these bars and the floor (Fig. 3d). This

avoided any error due to movements within the load

introduction adapter. In response to an infinitesimal

change in the longitudinal displacement detected by

the LDTVs, the linked hydraulic cylinder actively

compensated for this displacement by applying the

required compressive or tensile force, keeping the

displacement difference between the specimen ends

equal to zero.

3.3 Experiment series and varied design

parameters

The individual tests were labelled using a nomencla-

ture specifying the full or partial restraint [F|P], the

slow, normal, and rapid hydration rate [S|N|R], the

reinforcement bar diameter in mm [10|12|14|16], and

the height of the specimen in cm [25|50|100]. To

assess the significance of the degree of restraint for the

early stress development, four specimens were tested

LDTV 

hydraulic 
cylinder

a) einforcement layoutr

d s) pecimen after test phase

longitudinal
reinforcement 

threaded
bar 

temperature 
sensors 

b specimen after concreting ) 

c) specimen before placing climate box

Fig. 3 Different steps of the test procedure from placing the reinforcement in the test setup to the end of the test phase after 7 days,

exemplarily shown for a specimen of 1.0 m height
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under varying levels of restraint in the first step.

Subsequently, the other design-relevant parameters

hydration rate, reinforcement ratio and specimen

height were tested under fully restrained condition

using the described test setup with the active zero

displacement control.

The parameters of the three concrete mixtures used

are listed in Table 1, the concrete was ready-mixed

and transported to the lab. The concrete mixtures were

designed to differ in the hydration rate by using

different types of cement and fly ash in case of slowly

hydrating concrete. To achieve approximately equal

compressive strength after 28 days for all concrete

mixtures, the water/cement ratio for the rapidly

hydrating concrete was changed from 0.45 to 0.55.

The minimum reinforcement ratio was calculated

according to Eq. (2), with wk = 0.3 mm, fct,eff as given

in Table 1 assuming early cracking, b = 0.4 for long-

term loading and the effective height heff as displayed

in Fig. 4. All geometrical parameters of the specimens

are specified in Table 2. For each parameter combi-

nation, two test replications labelled A and B were

conducted.

Simultaneously with the restraint tests, material

tests were carried out to determine the values of the

concrete compressive and tensile strength as well as

the compressive Young’s modulus at different ages.

The values obtained for the cylindrical compressive

strength fc, the centric tensile strength acquired by

means of splitting tests with fct = 0.9�fct,sp, and the

tangential Young’s modulus Ec are listed in Table 3.

The differences in the days of material testing for the

28-day old concrete were due to lab closures and had

no other reason.

The temperature of the fresh concrete Tf remained

an uncontrollable influencing factor. Its variations

could not be avoided due to the annual temperature

differences occurring throughout the testing phase (see

Table 4).

4 Results

4.1 Temperature and restraint-induced stress

development

4.1.1 Influence of the degree of restraint

The effect of partially restrained deformation on the

induced stress development and crack occurrence was

investigated by allowing small longitudinal deforma-

tions of the specimens. The degree of restraint was

introduced according to [21] as the ratio between the

time-dependent cross-sectional stiffness and the

equivalent stiffness of the restraint. This equivalent

stiffness was quantified as the ratio of the specimen’s

contraction measured after 7 days with respect to its

initial length. For example, the degrees of restraint of

0.18 and 0.20 for the specimens P:N-12-50-A and P:R-

12-50-A corresponded to an equivalent stiffness of a

restraining frame of 200 MN/m. To achieve a degree

of restraint of 0.99 and 0.98, respectively, a frame

stiffness of 83,000 MN/m2 for specimen P:N-12-50-B

and 38 000 MN/m for P:R-12-50-B would be required.

These degrees could only be achieved using the active

displacement control. The differences in the values of

Table 1 Concrete mixtures of the test specimens

Hydration rate (S/N/

R)

Cement type Cement [kg/

m3]

Water [kg/

m3]

Fly ash [kg/

m3]

Water–cement

ratio

fct,eff
a

[MPa]

S (slow) CEM III/A 42.5 N 310 159 105 0.45 1.5

N (normal) CEM III/A 42.5 N 360 162 0 0.45 1.5

R (rapid) CEM I 52.5 R 330 181 0 0.55 1.8

aAssuming an early cracking, values used for test design only

h

d1

d1 heff

heff

heff 1/d

h/d1
5 30

2.5

5

Fig. 4 Calculation of the effective height heff according to the

German National Annex to Eurocode 2 (adapted from [45])

Materials and Structures (2023) 56:115 Page 7 of 23 115



the equivalent stiffness quantified for the two latter

specimens are due to different development of the

Young’s modulus over time. Depending on the

stiffness and the hydration rate, the total deformation

after 7 days was either 15 lm/m for the stiffness of

200 MN/m or 5 and 7 lm/m for the stiffness of 38,000

MN/m and 84 000 MN/m, respectively.

The performance of these two partial restraint

levels was compared to a fully restrained condition,

with a degree of restraint of 1.0, for geometric

identical specimens. As Fig. 5 shows, the full restraint

led to earlier cracking that occurred at larger values of

tensile stress. For partial restrained conditions, crack-

ing occurred only in rapidly hydrating concrete

exhibiting a large timespan of about 72 h between

the peak and steady-state temperatures.

Specimens with normal hydration rate and lower

temperature development compared to the concrete

Table 2 Geometrical specifications of the test groups

test group S/N/R h [m] l/b [m/m] c [cm] ds [mm] d1 [cm] q [%] heff [cm] qeff [%]

F:R-10-25 R 0.25 4.5/0.3 3.5 10 4.0 0.63 10.5 0.82

F:S-12-50 S 0.5 12 4.1 0.45 13.2 0.86

P:N-12-50 N 0.5 12 4.1 0.45 13.2 0.86

F:N-12-50 N 0.5 12 4.1 0.45 13.2 0.86

P:R-12-50 R 0.5 12 4.1 0.45 13.2 0.86

F:R-12-50 R 0.5 12 4.1 0.45 13.2 0.86

F:R-14-50 R 0.5 14 4.2 0.62 13.4 1.15

F:R-16-100 R 1.0 16 4.3 0.40 18.6 1.08

h Height; l Length; b Width; c Concrete cover; d1 Distance surface to centre of reinforcement layout; qeff Effective reinforcement

ratio calculated acc. to [45]

Table 3 Concrete strength and Young’s modulus at different ages as results of material tests

test group Specimen Compressive strength fc
[MPa]

Tensile strength fct [MPa] Young’s modulus Ec [MPa]

1 d 2 d 7 d 28 d 1 d 2 d 3 d 7 d 28 d 1 d 2 d 3 d 7 d 28 d

F:R-10-25 -A 26 33 38 42 2.3 2.4 – 2.9 3.9 22,200 24,400 – 26,000 26,600

-B 23 – 32 39a 2.1 – – 2.0 2.3a 21,600 – – 24,200 26,300a

F:S-12-50 -A 10 15 31 43 1.0 1.5 1.4 2.3 2.6 15,400 18,400 21,700 26,400 27,200

-B 12 21 32 44 1.4 1.7 – 2.7 3.2 15,400 21,000 – 23,600 26,800

P:N-12-50 -A 13 22 36 48 – – – 3.0 3.5 18,000 23,100 25,000 26,600 29,100

-B 13 – 40 59 1.1 – – 3.2 – 19,400 – – 28,600 –

F:N-12-50 13 18 34 46 1.4 1.6 2.0 2.2 3.1 18,000 20,700 21,500 27,900 29,200

P:R-12-50 -A 27 32 40 45a 2.2 2.7 – 2.7 3.2a 20,700 22,400 – 26,200 26,400a

-B 17 24 30 31 1.5 1.8 – 1.9 2.3 – 21,700 – 23,300 –

F:R-12-50 34 39 45 48 2.6 3.2 3.3 3.1 3.3 27,100 27,000 26,300 28,200 28,400

F:R-14-50 -A 24 32 38 42 1.8 2.5 2.6 2.7 2.9 21,300 24,600 25,100 25,600 26,700

-B 25 32 38 42 2.1 2.3 2.4 2.6 2.7 23,600 24,800 24,900 – 27,100

F:R-16-100 -A 30 37 42 47b 1.9 2.9 – 3.2 3.7b 25,200 25,500 – 27,100 27,100b

-B 30 35 38 52a 2.5 3.0 – 3.0 2.9a 23,900 25,200 – 26,500 –

aTested after 27 days; btested after 29 days.
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with rapid hydration (Fig. 5a) showed cracking only

under a fully restrained condition and climate-con-

trolled cooling within the first 7 days, as shown by the

restraint-induced stress development for specimen

F:N-12-50 in Fig. 5c. No cracking was observed for

the other two partially restraint specimens P:N-12-50-

A and -B.

Despite having a rapid hydration rate, as for

specimen P:R-12-50-A, the restraint-induced stress

developing at an allowed deformation of 15 lm/m did

not reach the tensile strength, as shown in Fig. 5b, d.

When the allowed deformation is reduced to 5 lm/m,

as for P:R-12-50-B, or when a fully restrained

condition is achieved, as for F:R-12-50, the stress

evolution under rapid hydration led to cracking in both

specimens. The fully restrained specimen with a

controlled environment and a fast-decreasing temper-

ature showed two primary cracks, which occurred

after 36 and 73 h, while for the partially restrained

specimen P:R-12-50-B the only crack occurred after

101 h.

4.1.2 Influence of the hydration rate

The hydration rate of the concrete mixture (slow,

normal, and rapid) affects the temperature, strength,

and Young’s modulus development in a specimen,

depending on the fresh concrete temperature and

ambient temperature and mechanical boundary con-

ditions. Faster hydration leads to faster temperature

development with a higher peak value inside the

specimen, inducing faster strain and stress develop-

ment with higher peak values. In parallel, the tensile

strength develops faster (see Fig. 6), meaning that a

higher restraint-induced stress is necessary for the

specimen to crack. As a result, different hydration

rates affected the time of cracking, while the restraint-

Table 4 Significant temperatures and restraint-induced stress rrest with the time of occurrence for all investigated specimens

Test

group

Specimen Fresh concrete

temperature

Maximum core

temperature

Zero-stress

temperature

Time of first primary

cracking

Time of second

primary cracking

Tf [�C] Tmax

[�C]
rrest,Tmax

[MPa]

tTmax

[h]
T2
[�C]

t2
[h]

Tcr,1
[�C]

rrest,cr,1

[MPa]

tcr,1
[h]

Tcr,2
[�C]

rrest,cr,2

[MPa]

tcr,2
[h]

F:R-

10-

25

-A 18 49 - 1.2 13.8 44 19.5 24 1.4 44.5 –

-B 19 50 - 1.3 14.5 46 19.5 23 1.9 93.6 –

F:S-

12-

50

-A 21 42 - 0.7 23.7 38 29.4 22 1.8 64.8 –

-B 31 53 - 3.2 21.5 43 34.8 36 1.6 44.4 26 1.5 71.0

P:N-

12-

50

-A 17 41 - 0.4 23.6 38 30.0 – –

-B 14 39 - 0.6 19.0 36 27.0 – –

F:N-

12-

50

22 46 - 0.7 20.9 42 26.3 24 2.0 50.3 –

P:R-

12-

50

-A 10 49 - 1.1 23.0 38 37.9 – –

-B 9 49 - 0.6 19.9 45 24.6 23 1.3 101.0 –

F:R-

12-

50

16 57 - 2.2 20.5 46 28.5 37 1.9 36.3 19 2.1 72.8

F:R-

14-

50

-A 9 47 - 2.2 21.6 39 31.6 27 1.9 48.1 –

-B 22 56 - 1.7 18.9 43 24.1 41 1.6 32.6 24 1.8 55.4

F:R-

16-

100

-A 22 65 - 1.3 18.8 63 26.8 57 1.2 36.1 34 1.2 70.9

-B 20 62 - 2.0 22.0 57 35.4 48 1.2 47.1 –

Materials and Structures (2023) 56:115 Page 9 of 23 115



induced stress values showed marginal variations at

crack occurrence (Fig. 7a, b).

Figure 6 displays the development curves of the

compressive strength, tensile strength, and Young’s

modulus of the three concrete mixtures used in relation

to the 28-day value, indicated as nct28 for the tensile

strength ratio and nE28 for the Young’s modulus ratio.

The curves are obtained as the average of the

individual strength or Young’s modulus values for

each specimen from the material tests (see Table 3). In

addition, the strength and stiffness development

curves according to fib Model Code 2010 [46], which

are equal to those in Eurocode 2 [44] and the German

Annex to Eurocode 2 [45], are plotted as grey dashed

lines with a strength development factor of s = 0.25

for the slow and normal hydration rate and s = 0.20 for

the rapid hydration rate.

Regardless of the hydration rate of the concrete

mixture, the Young’s modulus developed the fastest,

followed by the tensile strength, while the compres-

sive strength developed the slowest. The rapidly

hydrating concrete mixture exhibited very high

strength and stiffness at early ages compared to the

other concrete mixtures. To document this, Fig. 6c

shows that 80 and 90% of the 28-day values for tensile

strength and Young’s modulus, respectively, were

reached after 2 days. Typically, the usage of fly ash in

concrete reduces the strength and Young’s modulus

development during the first 28 days [53, 54]. This

behaviour was not observed in the experimental

campaign, as the comparison of the material test data
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in Fig. 6 shows. No reduction in strength and Young’s

modulus development was observed for the slowly

hydrating concrete compared to the normally hydrat-

ing concrete, despite replacing 25% of the cement with

fly ash in the slowly hydrating concrete, while the

cement type and water–cement ratio remained iden-

tical. Furthermore, the tensile strength values com-

pared to the 28-day value were lower for the normally

hydrating concrete compared to the slowly hydrating

one. Considering the absolute values of concrete

properties at the age of 28 days as listed in Table 3, the

strength and Young’s modulus of concrete with the

normal hydration rate are higher than the values for the

slow hydration rate. For example, the average com-

pressive strength for the normally hydrating concrete

is 51 MPa, which is 7 MPa higher compared to the

slowly hydrating one.

The magnitude of the concrete strength and

Young’s modulus depends on the temperature of the

member, as higher concrete temperature affects the

pore structure and results in a coarser matrix [55, 56].

This results in a reduced strength and stiffness of

concrete under elevated temperature compared to

concrete hydrating at temperatures between 20 and

40 �C. Temperature sensitivity is particularly impor-

tant for high-strength concrete at temperatures above

100 �C [57, 58], and is considered in design codes

such as fib Model Code 2010 by reducing the strength

and Young’s modulus for a concrete temperature

above 20 �C and below 80 �C (see Sect. 5.1.10 in

[46]). The experimental results, however, do not show

a negative influence on the tensile strength or

Youngs’s modulus, as the following discussion points

out.

As the development of the core temperature shows

in Fig. 7a, the specimens with slow (F:S-12-50-A) and

normal (F:N-12-50) hydration rates followed a similar

profile, starting at a fresh concrete temperature of

21–22 �C with a small difference in the peak temper-

atures of 42 �C and 46 �C, respectively (cf. Table 4).

For the rapidly hydrating specimen F:R-12-50 a higher

maximum temperature of 57 �C is measured, even for

a lower fresh concrete temperature of 16 �C, com-

pared to the two other specimens. After 4 days the

cooling phase is finished, reaching the steady-state

temperature of 17 �C for all three specimens.

As apparent from the comparison, a larger differ-

ence between the fresh concrete and peak tempera-

tures induced larger compressive stress values, as

shown in Fig. 7c. Here, the specimen with a rapidly

hydrating concrete (F:R-12-50) reached the maximum

compressive stress of 2.3 MPa, the normally and

slowly hydrating cements exhibited the maximum

values of 1.1 MPa for F:N-12-50 and 0.9 MPa for F:S-

12-50-A, respectively. While the maximum core

temperature has been reached at the same hydration

age, i.e. shortly after removing the formwork, for all

three specimens the peak of compression was reached

at different ages. This difference is owing to the creep

and relaxation behaviour of each specimen. A high

0.2
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0.8

1.0

1 2 4 8 16
concrete age ln(d)in 

28

a) slow hydration rate b) normal hydration rate c) rapid hydration rate
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concrete age ln(d)in 
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Fig. 6 Average strength and stiffness development for differ-

ent hydration rates in relation to the 28-day value, taken from

material tests. In addition, the development curves according to

fibModel Code 2010 [46] are depicted as grey dashed lines with

a strength development factor of s = 0.25 for the slow and

normal hydration rate and s = 0.20 for the rapid hydration rate
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temperature gradient within a short time period results

in lower amount of creep compared to slower

temperature changes over a longer period of time. In

addition to the viscoelastic behaviour, the faster

hydration and higher concrete temperatures of spec-

imen F:R-12-50 led to an increased shrinkage com-

pared to F:N-12-50 and F:S-12-50-A. As reported e.g.

in [15, 16], the magnitude of autogenous and chemical

shrinkage is higher with rapid hydration and high

concrete temperature, especially in the first days of

concrete age. This leads to a superposition of the

compressive strain induced by the increasing temper-

ature and the tensile strain induced by the shrinkage,

which affects the magnitude and time of the maximum

compression in the specimens. A similar effect

increases the total restraint-induced tension as a

superposition of a temperature-induced tensile strain

due to cooling of the specimens and continuing

shrinkage, as with ongoing exposure of the specimens

to ambient humidity, drying shrinkage increasingly

influences the evolution of the restraint-induced stress.

The comparison of the time of initial cracking

provided in Fig. 7c shows that faster hydration and

thus a larger temperature drop results in earlier

cracking. The rapidly hydrating specimen led to an

initial crack after 36 h, whereas the other two spec-

imens cracked after 50 h for the normal hydration rate

and after 65 h for the slow hydration rate, respectively.

This difference can be related to the evolution profiles

of the tensile strength and Young’s modulus at early
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age displayed in Fig. 6. Apparently, for the rapidly

hydrating specimens, the high Young’s modulus ratio

nE28 led to an early crack despite the high tensile

strength evolving simultaneously to the Young’s mod-

ulus. For the slowly and normally hydrating concretes

with an equally developing Young’s modulus ratio

nE28, the time of initial cracking was influenced by the

development of the tensile strength and the different

evolutions of the restraint-induced stress. Both the

compressive stress and the tensile stress at initial

cracking are lower for the slowly hydrating specimen

F:S-12-50-A compared to the normally hydrating

specimen F:N-12-50, which can be attributed to a

slower hydration evolution as shown by the temperature

development in Fig. 7a for both specimen.

The stress dropupon crack occurrence is equally high

for all three specimens, approximately 1 MPa. Never-

theless, slightly lower restraint stress at cracking seem to

increase the stress drop, as the comparison of the

specimens F:N-12-50 and F:S-12-50-A show. Because

of the early crackingand thehigh temperature difference

between the initial cracking and the steady-state tem-

perature in F:R-12-50, another primary crack formed

after 72 h. The stress drop of 0.5 MPa is remarkably

lower than the other observed stress drops due to the

reduction of the overall member stiffness after the

occurrence of the initial crack. No specimen showed

additional primary cracks after 96 h, merely because no

significant temperature changes occurred anymore.

4.1.3 Influence of the member height

The varied height of the specimen (25 cm, 50 cm, and

100 cm) affects the interaction between the heat flux

and the heat generation. Thicker members show a

higher temperature value and a longer cooling down

phase (Fig. 7b). The larger differences between core

and surface temperature in thicker members induce a

higher non-linear self-equilibrating stress profile,

which added up to the restraint-induced stress pro-

vokes cracking at lower restraint-induced stress values

as compared to thinner members (Fig. 7d).

As Fig. 7b shows, the core temperatures developed

similarly in the first hours for equal concrete mixtures

and fresh concrete temperatures of 18–22 �C regard-

less of the specimen height. The maximum core

temperature varied for the individual specimens from

50 �C for the thinnest specimen of 25 cm (F:R-10-25-

B) to 56 �C at a thickness of 50 cm (F:R-14-50-B) and

62 �C at 100 cm (F:R-16-100-B). The differences in

the temperature development resulted from the inter-

action of the heat flux and heat generation, affected by

the specimen geometry, i.e. by the surface to volume

ratio. Therefore, the thicker specimens reached their

maximum temperature later and the cooling rate was

slower. F:R-16-100-B did not reach the steady-state

temperature within the first 7 days. The small tem-

perature fluctuations of F:R-10-25-B and F:R-14-50-B

were caused by a hot summer week with very high

ambient temperatures throughout the day limiting the

effectiveness of the air-conditioned containment.

As shown in Fig. 7d, the uniform temperature raise

at the beginning resulted in a uniform increase in

compressive stress for all three specimens, with creep

affecting all imposed strains equally. The higher peak

temperature reached in the thick specimen (F:R-16-

100-B) induced the maximum compression of

2.2 MPa, which is by 0.5 MPa higher compared to

the thin specimen (F:R-10-25-B). For the latter, the

initial crack occurred the latest of all three specimens,

after 94 h. In the thickest specimen, the initial crack

occurred at a tensile stress of 1.2 MPa, being signif-

icantly lower compared to all other five specimens.

Apparently, the high self-equilibrating stress profile

occurring in thick members and adding up to the

restraint-induced stresses was of significant relevance

for the time and stress level of crack formation.

4.1.4 Influence of the reinforcement ratio

In an uncracked member, the influence of the

reinforcement is of subordinate significance for the

time of initial cracking and the corresponding

restraint-induced stress value (Fig. 7c, d). After

cracking, the reinforcement ratio influences the crack

opening and the stiffness of the cracked member. A

higher reinforcement ratio results in a lower stress

drop due to cracking.

For the geometrically identical specimens F:R-14-

50-B (q = 0.62%) and F:R-12-50 (q = 0.45%), both

with the same concrete mixture, initial cracks

appeared at around the same time after about 30 h.

However, the higher reinforcement ratio of F:R-14-

50-B resulted in a lower stress drop of 0.5 MPa

compared to 1.5 MPa for F:R-12-50. The second

primary crack occurred 17 h earlier for F:R-14-50-B

than for the lower reinforced specimen due to a faster

increasing stress. The reason for this was the higher
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stiffness of the cracked member. Both specimens

showed a similar value of stress drop of approximately

0.5 MPa at occurrence of the second primary crack.

4.2 Crack formation

The crack behaviour and crack formation in the

specimens is affected by the effective height of the

reinforcement in relation to the specimen height, as

documented by the crack patterns shown in Fig. 8. For

the thin members (h = 25 cm, F:R-10-25) with an

effective height heff of 10.5 cm on each side of the

longitudinal reinforcement, only a single primary

crack occurred in each specimen. A larger difference

in the ratio of effective height to specimen height led

to the development of secondary cracks. Thus, in

members of 50 cm height (heff * 13 cm) secondary

cracks occurred around a primary crack. For the

thickest members (h = 100 cm, heff = 18.6 cm) a

pronounced secondary crack pattern was observed
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around all primary cracks. Similar observations were

reported and discussed in [3, 4, 7]. The length of the

secondary cracks in members of 50 to 100 cm height

occasionally extended beyond the effective height of

the reinforcement calculated according to design in

[45]. In all configurations tested, either one or two

primary cracks occurred without direct correlation to

the design parameters, i.e. concrete mixture and

reinforcement ratio.

The transformation of the stress field from a

homogeneous to a concentrated tensile stress in the

area of the activated reinforcement after the formation

of the primary crack causes an inclination of the

secondary cracks towards the corresponding adjacent

primary crack [3]. Furthermore, the sum of all

corresponding crack widths at the specimen side is

approximately equal to the crack width of the primary

crack in the specimen core. Depending on the amount

of the restrained deformation, more secondary cracks

are needed to compensate for the deformation imbal-

ance. This effect is particularly pronounced when two

inclined secondary cracks occurring simultaneously

on opposite sides overlap, as observed in specimen

F:R-12-50 for the cracks marked II in Fig. 8. The

result is a significant stress drop of similar magnitude

to the primary cracks as depicted in Fig. 7c.

Overall, all measured crack widths were equal to or

below the limit value of 0.3 mm defined in design

codes [44–46], except for the initial crack for speci-

men F:R-12-50 with a crack width of 0.35 mm and

0.45 mm, respectively. Of the total of 134 cracks

detected, only 1.5% exceeded the design limit.

Theoretically, as secondary cracking progresses,

the magnitude of the released force and the associated

steel stress increment decreases upon each crack

occurrence. Consequently, the crack width of each

newly occurring crack should get smaller and the

length of secondary cracks shorter. At the same time,

the crack width of existing cracks should decrease

[48, 59]. This behaviour, illustrated as case 1 in Fig. 9,

could be confirmed for specimens where the width of

the secondary cracks was smaller than the width of the

adjacent primary crack, e.g. in F:N-12-50. However,

this scenario does not hold for specimens where the

width of some secondary cracks became larger than

the width of the primary crack, e.g. in F:R-16-100-A

and -B. As case 2 in Fig. 9 illustrates, this situation

occurs when a larger secondary crack formed around

the first primary crack before sufficient restrained

deformation was reached to provoke another primary

crack. To conclude, the critical crack width does not

necessarily appear at the primary crack so secondary

cracks must also be accounted for in the design

concept for minimal reinforcement.
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Fig. 9 Qualitative representation of the crack formation with the corresponding steel stress over the reinforcement length x
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4.3 Reinforcement stress development and local

deformations

In the initial phase of hydration, the tensile stress in the

reinforcement changes in response to the compressive

stress developing in the concrete member, as Fig. 10

shows. Once the concrete stress turns into tension, the

reinforcement in an uncracked section exhibits com-

pression, as documented by the blue curves in the last

row of Fig. 10, labelled e and f. Apparently, the

changes in reinforcement stress mirror the restraint-

induced stress development in concrete and thus

counteract the imposed concrete strains in uncracked

sections. However, within the stress transfer length of

a crack, the reinforcement stress changes sign from

compression to tension.

For two specimens (F:S-12-50-B and F:R-16-100-

A) these influences of crack formation on local

displacements and reinforcement stresses are now

investigated in detail. LDTVs attached to both sides of

the specimens measured the displacement at the

surface. Despite the overall zero deformation of the
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specimen, an inhomogeneous stiffness profile along

the specimen resulting from the cross-sectional

changes in the anchorage region and from cracking

allowed for local relative displacement documented

by the LDTV measurements shown for the two

discussed specimens in the second row in Fig. 10.

Upon the occurrence of the primary cracks, the

elongation in the adjacent regions increased by around

0.1 mm, while it decreased on the other side of the

specimen. Subsequently, the elongation in the cracked

section decreased slightly in F:S-12-50-B under

increasing restraint-induced stress, which can be

attributed to the relaxation of the concrete under the

instantaneous stress release after cracking.

Secondary cracking occurred at different times and

separately for each side of the specimens. For the

thicker specimen, the displacements were approxi-

mately twice as high as for F:S-12-50-B, while the

average width of all cracks was equal (cf. Fig. 8). In

general, the effect of the crack opening of secondary

cracks immediately after cracking on the elongation

was very small.

The steel stress measured at fixed locations near the

first primary crack (green lines in Fig. 10e, f),

increased to 78 MPa at a distance of 40 mm after

44 h from the primary crack (F:S-12-50-B) and to

180 MPa at a distance of 52 mm after 36 h for F:R-16-

100-A, respectively, both within the stress transfer

length. As the width of the primary crack increased

continuously, the steel stress increased

correspondingly.

A significant increase in reinforcement stress was

observed at strain measuring points placed on the steel

bars close to a crack, such as in specimen F:S-12-50-B

at secondary cracks marked S1, indicated by a red dot

in the crack picture of Fig. 10a and a red line in

Fig. 10e, and marked S3, indicated by a green dot and

green line. Or directly at a crack marked S6 for

specimen F:R-16-100-A, indicated by red dot in

Fig. 10b and red line in Fig. 10e. While the values

of the steel stress directly after the occurrence of the

secondary cracks marked S1 and S3 in F:S-12-50-B

were between 150 and 180 MPa, the stress increased

up to 370 MPa after the occurrence of the crack

marked S6 in F:R-16-100-A (green dot and line). For

the latter, the ongoing crack opening even led to

yielding of the reinforcement, which did not corre-

spond to the observed crack width of about 0.3 mm.

Here, the measuring device apparently failed after this

crack opened.

5 Discussion of design-relevant aspects

5.1 Tensile strength and self-equilibrating stress

state

The force released upon cracking equals the restraint-

induced stress accumulated over the cracked concrete

cross-section. As apparent from the above discussion,

the stress profile is non-uniform over the cross-

section. To provide simple design criteria, an assump-

tion of correspondence between a uniform value of an

effective restraint-induced stress and the concrete

tensile strength at the time of cracking is often

proposed in form of Eq. (1), e.g. in [44–46].

For the conducted test series, a comparison between

the actually measured restraint-induced stress at

primary cracking rrest,cr displayed in Table 4 and the

tensile strength derived from material tests displayed

in Table 3 show, that the restraint-induced stresses are

of lower value compared to the tensile strengths.

Reasons are potential variations in the tensile strength

of concrete, uncertainties in the material test, and

mainly the occurrence of the non-linear self-equili-

brating stress profile. The latter influences the time of

primary crack occurrence depending on the member

height without affecting the value of the restraint-

induced stress.

To investigate the influence of the self-equilibrating

stress profile analytically, a quotient k B 1 is intro-

duced, similar to the proposal in Eurocode 2 [44], to

express the relation between the restraint-induced

stress and the tensile strength at the time of primary

crack occurrence in the form

rrest tcrð Þ ¼ k � f ct tcrð Þ: ð3Þ

In Eurocode 2 [44] a negligible influence of self-

equilibrating stresses on the crack initiation is

assumed for thin members (h B 300 mm) with

k = 1.0. In contrast, in the German Annex to Eurocode

2 [45] the effect of a self-equilibrating stress profile is

taken into account by setting k = 0.8 for thin members

with an height h B 300 mm and k = 0,5 for h C 800

mm (cf. [49, 60]).
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The estimation of the tensile strength fct(tcr) at

cracking is obtained by calculating the strength

development according to [44–46].

f ct tcrð Þ ¼ exp s � 1�
ffiffiffiffiffi

28

t

r

 !" #

�f ct;28d; ð4Þ

where the coefficient s is identified using linear

regression to fit the time evolution of the concrete

tensile strength specified in Table 3. In [46] the value

of factor s is specified according to the hydration rate,

with a low value of s being appropriate for rapid

hydration. Depending on the cement type used, the

strength development factor s can be obtained accord-

ing to [44–46], e.g. for high strength cement of

strength class CEM 52.5 R s = 0.2, whereas for

normally hydrating cement of class CEM 42.5 N

s = 0.25. With the factor s derived individually for

each specimen, the tensile strength at the time of initial

cracking fct(tcr) can be approximated. Once the

primary cracks occurred, all self-equilibrating stresses

in this cross-section are zeroed and should not be

considered when focusing on the secondary cracks

[48]. Therefore, only the influence of self-equilibrat-

ing stress on primary crack initiation is discussed

further on.

The tensile strength at the time of primary cracking

fct(tcr) calculated with the determined strength devel-

opment factor s is compared with the tensile strength

fct,eff(tcr) assumed by design codes [44, 46] according

to the strength class of the cement in Fig. 11a. To

identify whether the tensile strength obtained in the

tests is above, below, or equal to the design tensile

strength, a dashed diagonal line is added in Fig. 11a.

For the three specimens P:R-12-50-B, F:N-12-50 and

F:R-16-100-B, the design values fit well with the test

data, while the general trend of the data indicates, that

the concrete tensile strength is higher than the assumed

strength in the design codes.

Because the tensile strength at the time of cracking

is used in [44–46] to calculate the force released upon

cracking, a higher tensile strength value results in a

higher force and increases the amount of reinforce-

ment designed to limit the crack width. Therefore, if a

member is assumed to have a lower tensile strength

than its actual strength at the time cracking, the

calculated reinforcement is not sufficient to limit the

crack width according to the design codes.

To give additional insight into the strength develop-

ment of the specimens, the strength development factor

s quantified for all specimens is depicted in Fig. 11b.

Comparing the strength development with the design

valuesof 0.25and0.2, respectively, assumed in [44–46],

the strength development was indeed faster. One

explanation is, that the faster development of the tensile

strength in relation to the compressive strength (see also

Fig. 6), towhichmost design codes are calibrated, is not
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Fig. 11 a Tensile strength fct(tcr) calculated with Eq. (4) at the

time of primary cracking using the adjusted strength develop-

ment factor s obtained from material test compared to the

calculated tensile strength fct,eff(tcr) using the design values from

[44–46]; b Ratio of self-equilibrating stress expressed by a

reduction factor k at the time of cracking to the strength

development factor s
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adequately represented. Similar observations are

reported, suggesting to assume higher strength values

for early age concrete [61, 62].

In addition to the tensile strength at cracking, the

member height and the self-equilibrating stress profile

is of interest. Significant influence of self-equilibrating

stress is shown in Fig. 11b for specimens with a

rapidly hydrating concrete by the lower reduction

factor k for a decreasing strength development factor

s. One reason is, that due to the high temperature

difference over the cross-sectional height, the magni-

tude of the self-equilibrating stress increased and

provoked earlier cracking.

The reduction factor of the specimens with a rapid

hydration fit well with the proposed k-factors accord-

ing to the German Annex to Eurocode 2 [45] for

members of 500 mm height h and a proposed k = 0.68

and for a height of more than 800 mm and a proposed

k = 0.5, as shown by the dashed lines in Fig. 11. For

the slowly and normally hydrating specimens, the

reduction factor calculated for the first primary crack

is significantly above the design value of k = 0.68 for

the 500 mm thick specimens and ranges from k = 0.93

for specimen F:S-12-50-B to 1.27 for specimen F:N-

12-50,respectively. This concludes that the influence

of self-equilibrating stress is of minor or no signif-

icance for the crack induction for the slowly and

normally hydrating specimens.

In the case of a second primary crack, the influence of

self-equilibrating stresses was even higher for specimen

with a slow hydration rate (F:S-12-50-B, grey) or a high

height (F:R-16-100-A, light blue) than at initial crack-

ing, as indicated by a lower value of k in Fig. 11b. For

both, the second primary crack occurred after 71 h and

the restraint-induced stress was *0.1 MPa lower

compared to the initial crack (cf. Table 4). On the other

hand, the opposite was observed for the rapidly

hydrating specimens (F:R-12-50, red marker and F:R-

14-50-B, dark green), where the influence of the self-

equilibrating stresses onto the restraint-induced stress at

second primary crack was slightly reduced.

To conclude, the tensile strength development for

concrete members should be assumed to be faster than

proposed by the design codes in [44–46]. Especially

for rapidly hydrating concrete, high strength values

can occur at early ages. While the large influence of

self-equilibrating stress on thicker members under

rapid hydration is well accounted for in [45], the

influence of self-equilibrating stress on the slowly and

normally hydrating specimens is negligible. Both, the

assumed higher strength values at cracking and the

missing influence of self-equilibrating stress,

expressed by k = 1.0, indicate larger forces released

upon cracking. Thus requiring more reinforcement to

limit the crack width when using the design

approaches in [44–46]. On the other hand, the crack

widths measured after 7 days show, that the limitation

of 0.3 mm is sufficiently complied with for the

reinforcement layout used, which was calculated with

fct,eff according to Table 1 and k = 0.68. Only in

specimen F:R-12-50 the first primary crack exceeded

the limit, which fits to the observations made in

Fig. 11 with a high tensile strength at the time of

cracking, while the influence of self-equilibrating

stress agrees well with the design code.

5.2 Steel stresses and bond strength at primary

cracking

To investigate the influence of reinforcement and bond

on the crack width, a study on steel stress and bond

strength at the occurrence of primary cracks is con-

ducted. In order to relate the measured values of steel

stress to the assumptions in fib Model Code 2010 [46]

and in Eurocode 2 [44], the concept of design bond

strength sbm was adopted in the evaluation shown in

Fig. 12. The dashed curves in Fig. 12a show the steel

stress profiles corresponding to the values of different

design bond strengths sbm in relation to the bar diameter

Ø. The values of steel stress in the individual cracks

depicted in Fig. 12a were obtained by considering the

restraint-induced force immediately after the crack

occurrence, with the crack opening releasing deforma-

tion and reducing the restraint-induced stress.

As apparent from Fig. 12a, the primary crack width

was below0.16 mmin all cases except for specimenF:N-

12-50. The steel stress ranged from 111 MPa for F:R-14-

50-A with a crack width of 0.11 mm to 339 MPa for the

second primary crack of F:R-12-50. Compared to the

crack width limitation of 0.3 mm proposed in [44–46],

the crack widths of all primary cracks immediately after

occurrence are below this value.

The steel stress profiles corresponding to different

design bond strengths indicate a large scatter of bond

strength of the specimens, resulting in different steel

stress for almost identical crack widths. Consequently,

a calculation of a design steel stress to determine the
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reinforcement for crack width limitation is difficult for

an assumed design bond strength.

The design bond strength used in the above

evaluation was based on the assumption of a constant

stress profile over the transfer length. To obtain its

value, Eq. (2) was rearranged to

sbm ¼ r2sr � ds � ð1� bÞ
2 � wcr � Es � q � ae

: ð5Þ

The coefficient b is set to 0.6 for instantaneous

loading as suggested in Table 7.6–2 in [46].

Comparing the bond performance at the time of

cracking of the specimens with each other is influ-

enced by the time-dependent evolution of Youngs’

modulus and strength. To factor out the effect of

strength development, a normalised value for the

design bond strength was introduced in Fig. 12b as the

ratio of the design bond strength provided in Eq. (5) to

the time-dependent concrete tensile strength given in

Eq. (4). The observations based on Fig. 12a show a

link between the bond strength and the concrete age,

therefore in Fig. 12b the normalised design bond

strength is set in relation to the time of cracking.

The individual values in Fig. 12b indicate that the

normalised design bond strength is of low value at a

concrete age of less than 72 h and increases signifi-

cantly after an age of 3 days. This is consistent with

the observations in Fig. 12a, where a low value of steel

stress was identified for some specimen. Design bond

strength with low value results in a larger crack

opening when using design equations such as Eq. (2).

Contrary, the crack widths measured immediately

after primary cracking are of small value. Further-

more, for most cracks, the crack width limitation of

0.3 mm was satisfied at 7 days of concrete age,

assuming that the bond strength at later ages was

above the normalised design bond strength sbm/
fct(tcr) = 1.8, as also shown by the data in Fig. 12b.

As apparent from Eq. (5) and quantitatively docu-

mented inFig. 12b, the normaliseddesignbond strength

depends on the crack width. In the codes, however, the

design bond strength is assumed constant and linked to

the concrete tensile strength, e.g. sbm = 1.8 fct,eff in [46].

In view of the data evaluated in Fig. 12b, this normative

assumption is close to the average value of sbm/fct,eff of
the test data, being 1.64. The high scatter of the

individual values does not allow any conclusion on an

appropriate approximation of the design bond strength

as a function for the tensile strength at an early age.

Fig. 12 Reinforcement stress in relation to a crack width and b normalised bond strength at time of cracking
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6 Summary

The presented experimental campaign investigated the

influences of the degree of restraint, the hydration rate,

the member height and the reinforcement ratio of

concrete slabs under controlled thermal and mechan-

ical boundary conditions. To ensure reproducible

results under well-defined conditions, a new test setup

with an actively controlled restrained zero deforma-

tion and stable ambient conditions has been devel-

oped. The results of the study with systematically

varied test and design parameters can be summarised

as follows:

• Under fully restrained conditions, the induced

stress evolution in the 4.5 m long specimens

always led to cracking in the first 7 days, despite

differences in their hydration behaviour and cross-

sectional area. Tests in which only a small

deformation of the specimen between 15 and

5 lm/m was allowed did not show sufficient stress

for early cracking. Therefore, the degree of

restrained deformation is of high significance for

an early crack occurrence.

• While the hydration rate significantly affected the

restraint-induced stress evolution, the actual stress

value at the time of cracking was nearly equal for

members of identical height. Using a concrete

mixture with a lower hydration rate delayed the

time of initial cracking and significantly reduced

the influence of the self-equilibrating stress field on

the tensile stress in the member.

• The tensile strength and Youngs’ modulus devel-

opment in the investigated members is faster than

the projection done in common design codes, e.g.

fib Model Code 2010 or Eurocode 2. This means

higher restraint-induced stress and a larger released

force at crack occurrence compared to the norma-

tively calculated force need to be considered. It is

advisable to assume a concrete tensile strength of

at least 70 to 90% of the mean tensile value fctm for

early cracking within the first 3 days.

• While the specimens showed a low design bond

strength at primary cracking up to a concrete age of

3 days, the bond strength significantly increased

for later ages. The normalised design bond strength

sbm/fct(tcr) = 1.8 proposed in fib Model Code 2010

is applicable on average for cracking in the first

7 days, even though higher normalised bond

strengths were observed after 3 days.

• Specimens with an effective height ratio heff/

h below 0.53 showed secondary crack occurrence,

which reduced the average crack width. As a result,

only 1.5% of all cracks detected in all tests had a

width above the design limit of 0.3 mm. Therefore,

the reinforcement design in the tests was capable to

limit the crack widths and ensure serviceability for

early cracking.

• Excessive secondary cracking in specimens with

an effective height ratio below heff/h = 0.37

reduced the primary crack widths to small values

below 0.2 mm. The secondary cracks gradually

occurred at each side of the primary crack. Upon

the occurrence of a second primary crack, sec-

ondary cracks only formed in its vicinity. The

largest crack width did not always occur at the

primary crack, in some cases a secondary crack

showed a slightly larger width.

The presented test setup allows for an investigation

under well-defined boundary conditions for a broad

range of varying design parameters. The obtained

experimental results provide an ideal basis for a

deeper, rigorous theoretical interpretation using a

coupled hydration-fracture finite-element model.
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55. Caré S (2008) Effect of temperature on porosity and on chloride

diffusion in cement pastes.ConstrBuildMater 22(7):1560–1573.

https://doi.org/10.1016/j.conbuildmat.2007.03.018

56. Kodur V (2014) Properties of concrete at elevated temper-

atures. ISRN Civ Eng 2014:1–15. https://doi.org/10.1155/

2014/468510

57. Shen J, Xu Q, Li Q (2020) Effect of temperature on pore

structure and strength of concrete. ACI Mater J. https://doi.

org/10.14359/51718060

58. ChanYN, PengGF,AnsonM(1999)Residual strength and pore

structure of high-strength concrete and normal strength concrete

after exposure to high temperatures. Cem Concr Compos

21(1):23–27. https://doi.org/10.1016/S0958-9465(98)00034-1
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