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A B S T R A C T

The paper describes an experimental investigation into cracking in edge-restrained reinforced concrete walls cast 
onto concrete bases. The aim of the investigation was to study the mechanics of cracking in relatively thin edge- 
restrained walls (< ~ 500 mm) in which through thickness temperature variations due to heat of hydration can 
be neglected. Twelve walls, each 5.2 m in length, but with varying thickness, height, concrete mix design, 
reinforcement, and formwork insulation were monitored over a period of at least 3 months. Detailed measure
ments were made of the temperature rise during heat of hydration, strain and crack width. The paper describes 
the experimental results in detail, including the development of cracking with time. The measured restrained 
strains, time of cracking and crack widths are compared with those calculated with EC2–04, EC2–23 and Ciria 
Report C766 which all adopt the same unrealistic model for calculation of crack width. EC2–04 gives the greatest 
crack widths and C766 the least due to the lower adopted restraint factor. Significantly, C766 was found to 
greatly underestimate the maximum measured crack widths with EC2–04 and EC2–23 providing more realistic 
estimates. Based on the observed cracking behaviour, the paper proposes a simplified mechanical model for the 
calculation of crack width in relatively thin edge-restrained walls.

1. Introduction

After the hydration phase [1], concrete structures undergo early age 
(EA) thermal contraction followed by autogenous and drying shrinkage 
in the longer term [2]. Typically, members are restrained from con
tracting freely, resulting in restrained strain— the portion of free strain 
that is prevented from materialising. This restrained strain induces 
tensile stress that leads to cracking if the tensile resistance of concrete is 
exceeded. Restraint to volumetric changes can be internal or external [2, 
3]. Internal restraint is caused by reinforcement [4] as well as thermal 
gradients within the section, arising from the core heating more than the 
surface during the hydration phase [2] and subsequent differential 
shrinkage [5]. External restraint develops when a member is cast against 
a more mature rigid support and is classified as edge, end, or a combi
nation of the two [6]. Internal restraint is mostly applicable to very thick 
members while external restraint dominates in relatively thin elements 
[2,7] which are the focus of this research. Control of cracking in 
edge-restrained members is governed by the reinforcement parallel to 
the restrained edge and is less well understood [8,9] than cracking in 
end restrained members [5]. Recently, Schlicke and Matiašková [10]
have made major theoretical contributions to the determination of 

restraint induced stress, and crack width, in thick base restrained walls 
where the risk of cracking is best assessed with coupled 
thermo-chemo-mechanical models [3]. Schlicke and Matiašková 
considered geometries in which the ends of the base and wall are free to 
lift, thereby introducing curvature into the wall. This study examines the 
alternative case of cracking in relatively thin edge-restrained walls (<
~500 mm), where through thickness temperature variations due to heat 
of hydration can be neglected. The study considers walls that are con
strained to remain straight [11] by the base slab.

Early age thermal and long-term shrinkage strain are usually insuf
ficient to cause a fully developed crack pattern to form in both end and 
edge restrained members [12]. Otherwise, the behaviour of end and 
edge restrained members is fundamentally different due to the tensile 
force being uniform along the length of end restrained members [5] but 
not edge restrained members [6]. In end restrained members, the axial 
force drops throughout the member length each time a crack forms due 
to the reduction in axial stiffness [5]. Consequently, tension develops in 
a saw-tooth fashion as the free strain increases, with the peak force being 
equal to the cracking load. The crack width in end restrained members 
can be calculated from consideration of equilibrium and strain 
compatibility in terms of the current number of cracks and free strain 
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[5]. As done in European practice [13,14,15], it is simpler to calculate 
the maximum crack width which arises under the cracking load, just 
before the next crack forms. The behaviour of edge restrained members 
is more complex since the degree of restraint, and hence tensile stress, 
varies both spatially within the member and during construction as 
successive pours are cast. In edge restrained members, cracking only 
relieves stress locally to either side of the crack, unlike end restrained 
members. Codes typically calculate the crack width in edge restrained 
members as the product of the crack spacing and the crack-inducing 
strain. The latter depends on the restrained part of the imposed strain 
and the extensibility of the concrete, which is related to its tensile strain 
capacity [16]. The restrained strain is normally calculated in design 
codes [16] as the product of a restraint factor and the free strain. Dif
ferences arise between design standards in the calculation of both the 
restraint factor and crack spacing. For example, BS EN 1992 [13] allows 
the restraint factor for edge restrained walls to be taken as either 0.5 or 
estimated with linear elastic finite element analysis. Alternatively, 
C766, ACI 207.2 [17] and ACI 224 [18] provide formulae for calculating 
the variation in restraint factor over the wall height.

At the time of writing, the principal documents used in the UK for the 
assessment of cracking in edge-restrained members are BS EN 1992–1–1 
(2004) [13] (depicted EC2–04), BS EN 1992–3 (2006) [14] (depicted 
EC2–06), and C766 [2]. The latter provides non-contradictory comple
mentary guidance to BS EN 1992. BS EN 1992–1–1 (2023) [15]
(depicted EC2–23) has recently been published and will, in due course, 
supersede BS EN 1992 (Parts 1 (2004) and 3 (2006)), which will be 
withdrawn in 2028. Previous work [8,19,20] suggests that current UK 
guidance may not properly model cracking in edge-restrained elements. 
For example, Jędrzejewska et al. [20] found restraint-induced crack 
widths to exceed crack widths calculated with EC2–04 and C766 in 
numerous structures on multiple occasions. They concluded that a 
re-evaluation of design guidance is required, with C766 most pressing as 
it predicts lower crack widths than EC2–04. EC2–23 proposes several 
changes to the EC2–04 guidance on edge-restraint cracking that are 
mostly in line with C766.

To address these issues, 12 edge restrained walls were tested in the 
Structures Laboratory at Imperial College London (ICL) as part of an 
EPSRC funded investigation into restraint induced cracking. This was a 
joint project with the University of Leeds (UoL) who also tested walls 
with similar geometry [21] but without achieving early age cracking. 
The present research was undertaken in response to concern within the 
UK construction industry that the then current UK design guidance [2], 
[13] was inadequate to control restraint induced crack widths in edge 
restrained walls. The research hypothesis is that cracking in thin edge 
restrained walls is not well modelled by current practice [2,13,14,15]
which 1) calculates crack width in terms of the restrained strain in an 

uncracked member and 2) takes the crack spacing as that in a tie in 
which stabilized cracking has developed [2,13]. Neither of these as
sumptions is realistic. Recent laboratory and field investigations into the 
predictive capacity of the new Annex D method in EC2–23 have simi
larly highlighted these challenges [22]. As noted by Jędrzejewska et al. 
[20], analysis of restraint induced crack widths observed in the field is 
hampered by missing information of material properties and environ
mental conditions. The novelty of the walls tested in this project lies in 
their scale, number and quantity of investigated parameters. The au
thors are unaware of any other laboratory-based investigations of this 
scale into restraint induced cracking. Consequently, the comprehensive 
nature of the investigation makes the results invaluable for future 
reference, model development and model validation. In this paper, the 
findings are used to evaluate current international design guidance on 
restraint induced cracking and make suggestions for their improvement. 
The key scientific contribution of the paper is to show that there are 
significant differences between the experimentally observed behaviour 
and that assumed in the derivation of current design guidance. In 
particular, the tests show that full height, or near full height, primary 
cracks spaced at approximately the wall height can develop at EA in 
edge restrained walls. In this case, the final crack pattern is shown to 
depend on the interaction between the horizontal reinforcement and the 
primary cracks. The paper concludes by presenting a simplified me
chanically based model for calculating long-term crack widths in walls 
in which EA thermal cracking occurs. The model, which accounts for the 
interaction between the horizontal reinforcement and the primary 
cracks, is shown to give better predictions of maximum crack width in 
the tested walls that cracked at EA than EC2–04, C766 and EC2–23.

2. Overview of the experimental setup

2.1. Testing programme

The experimental programme at ICL consisted of 12 walls with 
length of 5.2 m, cast onto bases measuring 6 m long × 0.9 m wide 
× 0.3 m deep as illustrated in Fig. 1. The dimensions of the wall and base 
were scaled up from those adopted in a pilot study [19] at the UoL and 
were chosen to be the largest that could be handled in the laboratory. 
The wall aspect ratio (L/H where L is the wall length and H the height) 
was initially chosen to be 4 based on the pilot study at UoL. For 
water-tight construction a maximum aspect ratio of 3 is commonly 
recommended [23], but this relates to walls that are sequentially cast 
against previously cast lengths of wall where the effective aspect ratio is 
6 for the most recently cast length of wall. Variables in the tests included 
wall geometry, reinforcement arrangement and concrete mix design. 
Two walls were cast without horizontal reinforcement to study the crack 

Fig. 1. Construction of wall specimens: a) following casting of base and b) fixing DEMEC points.
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pattern in the absence of horizontal reinforcement. In the remaining 
walls, the horizontal reinforcement ratio was varied between just below 
the minimum required by [2] and 1.3 % to study its effect on crack 
width. The bases were all cured for at least 28 days before casting the 
wall, which was cast directly onto the base without a kicker as shown in 
Fig. 1. The joint between the base and wall was roughened with a trowel 
after casting. Subsequently, it was cleaned and further roughened with a 
needle scaler before the wall was cast. To prevent curling, each end of 
the base was bolted down to the laboratory strong floor, just prior to 
casting the wall, with a pair of holding-down bolts each prestressed to 
100 kN. Control specimens were cast alongside each base and wall to 
determine concrete tensile and compressive strength, modulus of elas
ticity, shrinkage strain, and creep.

The early age development of concrete compressive strength in the 
wall was determined from temperature match cured cubes. An unre
strained trial panel (TP) measuring 1 × 1 m2 in elevation was cast 
alongside each wall from W2 onwards. Each TP had the same thickness 
and formwork insulation as its companion wall. The wall and TP were 
cast on the same day using concrete from the same batch and stripped at 
almost the same time the following day ensuring similar exposure con
ditions for each. The TPs were used to determine the coefficient of 
thermal expansion (CTE) of the concrete and the shrinkage strain (i.e. 
sum of drying and autogenous shrinkage) in the TP, which is assumed to 
be the same as in the companion wall. Knowing the CTE, and shrinkage 

in the TP, allowed the free strain to be estimated in the companion wall 
as the sum of the thermal strain, calculated from the temperature change 
in the wall, and the shrinkage strain in the TP.

Each wall was monitored for at least 3 months during which detailed 
measurements were taken of temperature, strain and crack width. 
Concrete surface strains were measured on one side of the wall and trial 
panel with a DEMEC gauge. Digital image correlation was used to 
measure strains in the other face of the wall, but these are not reported 
here due to difficulties in interpretation at early age. Strains in the wall 
were measured between DEMEC points positioned in a regular rectan
gular grid with rows of points positioned at vertical centres of 250 mm 
with the bottom row located 150 mm above the base. Horizontally, 
DEMEC points were spaced at 250 mm centres within the central 
1500 mm of the wall and at 500 mm centres at the wall ends. In the trial 
panel, DEMEC points were positioned as shown in Fig. 2. Thermocouples 
were used to monitor temperature variations throughout the wall (see 
Fig. 3), and trial panel (see Fig. 2), from casting until the end of moni
toring (EOM). Other instrumentation, included vibrating wire gauges, 
positioned at the centreline of the wall, as shown in Fig. 3, measuring 
strains internally within the concrete and electrical resistance strain 
gauges (not reported here) measuring reinforcement strain. Crack 
widths were measured with a crack microscope with measuring reso
lution of 0.02 mm. Further details of the wall construction and moni
toring can be found in [21] and [24].

Fig. 2. Location of a) DEMEC points and b) thermocouples in trial panel.

Fig. 3. Typical location in wall of a) thermocouples and b) vibrating wire gauges.

K. El Khoury et al.                                                                                                                                                                                                                              Engineering Structures 345 (2025) 121536 

3 



2.2. Variations to promote early age (EA) cracking

To increase the chance of EA cracking, the wall dimensions, mix 
design and formwork insulation were modified during the test campaign 
as shown in Table 1. All these modifications could occur in the field, 
with the increase in temperature due to added insulation arising in hot 
weather concreting. All the bases were reinforced, top and bottom, with 
12 mm bars at 100 mm spacing longitudinally and 10 mm bars at 
300 mm spacing transversely. The vertical reinforcement in each face of 
the walls consisted of 16 mm diameter bars at 150 mm spacing in walls 
W1 and W2, and 12 mm diameter bars at 180 mm spacing in walls W3 to 
W12. The horizontal reinforcement varied as shown in Table 1. Details 

of the concrete mix designs, including coarse aggregate type, for the 
bases and walls are presented in Table 2. Limestone coarse aggregate 
was crushed and the gravel was marine dredged. To maximise the 
temperature rise during heat of hydration, the plywood formwork was 
insulated with PIR boards, with thickness of 50 mm or 100 mm, as 
indicated in Table 1.

Wall W1 did not crack. Consequently, the height of walls W2 to W5 
was reduced from 1300 mm to 1025 mm to increase the wall aspect 
ratio (L/H) from 4.0 to 5.1, and the base-to-wall area ratio (Ab/Aw) from 
0.83 to 1.05. These changes increased the restraint provided by the base 
and hence increased the risk of cracking. The concrete mix design was 
also modified by increasing the cement content, fines percentage, and 

Table 1 
Wall dimensions, mix design, insulation and reinforcement.

Wall
H× t 
[mm2]

Ab

Aw

L
H

Mix design Insulation

Reinforcement

Horizontal Vertical

ϕ in each face @ spacing ρh
Cover 
[mm] ρv

W1 1300 × 250 0.8 4.0 M1

50 mm PIR

10 mm @ 180 mm 0.3 % 40
1.1 %W2

1025 × 250 1.1

5.1

M2
16 mm @ 180 mm

0.9 %
25

W3 16 mm @ 180 mm 25
0.5 %W4 M4 10 mm @ 300 mm 0.2 % 30

W5 10 mm @ 180 mm 0.3 % 25
W6

1025 × 175 1.5
M6 100 mm PIR

10 mm @ 300 mm 25

0.7 %

W7 10 mm @ 180 mm 0.5 % 25
W8 16 mm @ 180 mm 1.3 % 25
W9 16 mm @ 300 mm 0.8 % 25
W10 - 0.0 % 35
W11 1300 × 175 1.2 4.0 16 mm @ 180 mm 1.3 % 25
W12 - 0.0 % 25

Note: H = wall height, t = wall thickness, Ab = cross sectional area of base, Aw = cross sectional area of wall, L = wall length, ϕ = bar diameter, ρh = horizontal 
reinforcement ratio, ρv = vertical reinforcement ratio

Table 2 
Details of bases and walls mix design.

Mix name Mix grade Cement [kg/m3] w/c ratio % fines Aggregate type
Maximum aggregate size 
[mm] Assignment to bases (B) and walls (W)

M1 Prescribed 385 0.45 0.45 Limestone 20 B1 to B2, W1
M2 Prescribed 410 0.60 0.60 Limestone 20 B3, W2 to W3
M3 C30/37 360 0.46 0.48 Limestone 10 B4 to B5
M4 C30/37 361 0.45 0.48 Gravel 10 W4 to W5
M5 C50/60 452 0.37 0.42 Limestone 20 B6 to B12
M6 Prescribed 410 0.56 0.60 Gravel 20 W6 to W12

Note: w/c = water to cement ratio

Table 3 
Mechanical properties at 1, 3 and 28 days (cured in water at 20 oC).

1 day 3 days 28 days

​ Mix name
fctm 

[MPa]
fcm 

[MPa]
fctm 

[MPa]
Ecm 

[GPa]
fcm 

[MPa]
fctm 

[MPa]
Ecm 

[GPa]
W1 M1 2.0 - 2.5 - 51.8 3.1 35.7
W2 M2 - - 1.6 - 42.6 2.9 30.9
W3 - - 2.1 - 42.5 2.8 31.9
W4

M4
1.4 27.9 2.3 - 41.3 2.6 30.5

W5 1.4 21.4 2.0 - 42.2* 2.7 -
W6

M6

2.0 30.2 2.5 35.6 40.9 2.7 37.3
W7 1.4 22.4 1.8 29.8 29.4 2.0 31.4
W8 1.1 21.7 1.6 26.8 33.6 2.2 32.9
W9 1.7 24.6 1.9 32.0 41.6* 2.6* 31.8
W10 1.2 - - 27.7 34.7 2.6 31.6
W11 1.0 - - 29.5 31.9 2.6* 33.3
W12 1.4 26.1 2.2 - 34.2 2.8 36.9

Note: fctm= mean tensile strength, fcm = mean compressive strength, Ecm = mean elastic modulus
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water-to-cement ratio to increase the heat of hydration and drying 
shrinkage. These changes resulted in walls W2 to W3 cracking at 10 days 
and 7 days respectively. To further promote EA cracking, the aggregate 
type was changed from limestone to gravel (M4) in walls W4 and W5. 
Changing the aggregate type to gravel increased the CTE of the hardened 
concrete from 8.5 to 12.2 µε/◦C but owing to a drop in peak temperature 
T1, first cracking occurred at 19 and 20 days respectively. In walls W6 
onwards, the wall thickness was reduced to 175 mm, and the mix design 
changed to M6 with gravel aggregate. To maximise differential strain, 
the base of wall W6 onwards was cast from M5 with limestone aggre
gate. The thickness of the insulation to the formwork was also doubled 
to 100 mm. These changes led to EA thermal cracks forming in walls W6 
onwards. The wall height was increased to 1.3 m in W11 and W12 to 
study the effect on EAT cracking of reducing the wall aspect ratio from 
5.1 to 4.0.

3. Experimental results

Concrete compressive and tensile strengths were obtained in line 
with BS EN 19390–3 [25] and elastic modulus according to BS EN 
19390–13 [26]. Concrete compressive strength (fcm) was determined 
from 100 mm diameter cylinders while tensile strength (fctm) was taken 
as 90 % of the measured 150 mm diameter split cylinder strength [13]. 
Table 3 gives the resulting mechanical properties for specimens cured at 
20 oC while Table 4 gives strengths for the temperature match cured 
cubes (TMC) and companion control cubes cured in water at 20 oC. 
When not tested at exactly 28-days (depicted * in Table 3), the 28-day 
strength was determined through interpolation using equations 3.1 

and 3.4 from EC2–04 (Eqs. (1) and (2) below) for strength development 
in compression and tension respectively. 

fcm(t) = βcc(t)fcm (1) 

in which 

βcc(t) = exp

{

s

[

1 −

(
28
t

)1/2
]}

where fcm is the mean compressive strength at 28 days, t is the concrete 
age in days and s = 0.2 for cement classes CEM 42.5 R, CEM 52.5 N and 
CEM 52.5 R. 

fctm(t) = (βcc(t) )
αfctm (2) 

where fctm is the mean tensile strength of concrete at 28 days, α= 1 for 
t < 28 and α= 2/3 for t ≥ 28.

Eqs. (1) and (2) are also adopted in EC2–23 where they are depicted 
B.2 and B.3. In EC2–23, s is replaced with sc, which is assumed to depend 
on the concrete strength and class, and α = 0.6. For Class CN concrete, as 
adopted in this project, sc= 0.5 for fck ≤ 35 MPa and sc= 0.4 for 35 <

fck < 60 MPa.
As indicated in Table 5, the temperature typically peaked around 

20 h after casting following which the formwork was removed with the 
shuttering first removed on the side that DEMEC points were fixed. 
Typically, the first set of DEMEC readings was taken within one hour of 
the peak temperature being recorded. Table 5 also gives the maximum 
temperature drop (T1) from peak to ambient at 3 days, shrinkage strain 
in the TP at EOM and maximum total free strain at 3 days and EOM. The 

Table 4 
Temperature match cured (TMC) and 20 oC cured concrete cube (100 ×100 ×100 mm3) strengths.

1 day 3 days 7 days 28 days

​ Mix name TMC 
[MPa]

20 oC 
[MPa]

TMC 
[MPa]

20 oC 
[MPa]

TMC 
[MPa]

20 oC 
[MPa]

TMC 
[MPa]

20 oC 
[MPa]

W1 M1 - 32.9 - 44.8 - 51.6 - 60.9
W2

M2
29.3 17.2 32.1 27.8 - - 44.7 44.6

W3 28.6 16.9 30.1 30.8 39.0 37.6 49.0 46.9
W4

M4
25.9 18.4 31.4 30.1 37.2 36.1 40.1 45.3

W5 25.7 12.7 36.7 31.4 42.3 40.3 - 48.6
W6

M6

39.6 24.5 40.2 38.7 42.2 43.0 53.2 51.2
W7 22.9 14.9 27.6 25.0 30.0 29.6 35.9 37.5
W8 19.5 13.0 25.5 22.7 - - 37.2 36.6
W9 27.8 14.2 25.9 26.8 37.9 34.5 - 44.2
W10 19.4 11.8 - - - - 28.3 36.0
W11 19.3 15.2 - - 30.1 27.9 38.5 38.2
W12 32.5 20.6 25.0 31.5 44.0 41.4 48.1 42.9

Table 5 
Ambient conditions and components of free strains.

Mean ambient conditions Peak temperature drop in walls Measured shrinkage strain in TP at EOM
Maximum total free strain in wall 
εfree = εcs + αcT1,EOM

​ Mix name RH 
[%]

T  
[◦C]

Age 
[hrs]

T1 

[◦C]
T1,EOM 

[◦C]
Age at EOM 
[days]

Measured shrinkage εcs 

[µε]
3 days 
[µε]

EOM 
[µε]

W1 M1 46.6 20.3 18.0 34.9 40.6 112 212† 323 555
W2

M2
39.6 21.7 17.9 34.7 31.3 88 342 303 599

W3 45.5 22.9 17.6 40.5 38.8 78 297 242 624
W4

M4
46.2 21.9 20.9 30.7 33.5 94 208 397 601

W5 45.0 20.4 22.1 30.0 31.8 118 243 389 600
W6

M6

49.5 23.3 20.8 43.9 39.0 111 406 552 875
W7 51.2 24.7 20.4 36.8 40.1 113 463 458 942
W8 39.3 22.1 21.4 32.1 31.8 93 476 382 864
W9 36.4 22.6 21.1 31.7 33.4 94 503 437 892
W10 43.7 24.7 21.7 32.3 29.8 109 656 455 1015
W11 44.5 21.7 21.2 32.5 36.1 252 465 422 877
W12 43.3 20.1 20.3 37.6 41.4 167 458 513 951

Note: RH = relative humidity, T1 = drop in temperature from peak to ambient at 3 days, T1,EOM= drop in temperature from peak to ambient at EOM, εfree= free strain, 
εcs= shrinkage strain, αc= CTE
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free shrinkage strain was assumed to be the same in the wall as its 
corresponding TP since both had the same thickness and ambient con
ditions. In wall panel W1 without a TP, shrinkage (depicted † in Table 5) 
was estimated using EC2–04 which gave good estimates of shrinkage in 
the control specimens. The EA thermal strain was estimated at each set 
of DEMEC points as the product of the CTE and the measured temper
ature drop T1 from peak.

The CTE was determined in two ways. First, it was derived from the 
temperature drops and corresponding strains measured in the TPs dur
ing the first week. The CTE was derived for concrete mix M2 from TP2 to 
TP3, for M4 from TP4 to TP5 and for M6 from TP6 to TP12. The peak 
temperature drops were similar in both the TPs and companion walls, 
but temperatures were spatially less uniform in the walls due to heat 
being lost into the concrete base. The temperature dropped from peak to 
ambient over the first 2 days following casting. Shrinkage is estimated to 
have accounted for only 2–3 % of the measured strain during this period. 
Consequently, the derived CTE is relatively insensitive to shrinkage over 
this period. The CTE was also estimated from strain measurements made 
on heated concrete prisms measuring 150 mm square by 300 mm long 
with an embedded thermocouple and vibrating wire gauge. Strains were 
also measured on each face of the prism with a DEMEC gauge with a 
gauge length of 250 mm. These tests were carried out for concrete from 
base B5 with limestone coarse aggregate and walls W4 and W5 with 
gravel aggregate. The specimens were heated in a water bath from room 
temperature to 60◦C in increments of around 15◦C. The CTE was 
determined from strain measurements taken at each temperature in
terval. The prism tests gave CTE of 12.2 με/◦C for concrete with gravel 
aggregate (W1 to W5) and 8.5 με/◦C for concrete with limestone 
aggregate (W6 to W12). These values are almost the same as the mean 
values of 12.3 με/◦C and 8.5 με/◦C obtained from the TP. Consequently, 
the CTE was taken as 12.2 με/◦C for concrete with gravel aggregate (W1 
to W5) and 8.5 με/◦C for concrete with limestone aggregate (W6 to 
W12).

Fig. 4 shows the variation with time in the maximum free strain 
calculated in each wall from the time of peak temperature until EOM. In 
the calculation of free strain, the thermal strain was calculated as the 
product of the maximum temperature drop in the considered wall and 
the CTE, while the shrinkage strain was obtained from a line of best fit 
placed through the shrinkage strains measured in the corresponding TP. 
Graphs with the same line and marker type depict geometrically similar 
walls cast from the same mix design. Even though walls W4 to W5 
developed higher EAT than walls W2 to W3, subsequent shrinkage strain 
was less, resulting in similar final free strains for walls W1 to W3 and W4 
to W5. Fig. 4 shows that by the end of monitoring, free strains in walls 
W6 to W12 were around double that in wall W1.

3.1. Initial cracking behaviour

The time of first cracking (in hours from end of casting), initial crack 
length and crack width are summarised for all walls in Table 6, which 
also shows the maximum measured free (εfree,max) and restrained 
(εrest,max) strains at first cracking. Average restrained strains (i.e. differ
ence between free and measured strain) were calculated for each row of 
DEMEC points over the 1) central 1.5 m and 2) two end lengths of 1.5 m. 
The maximum restrained strain was taken as the greatest of these av
erages, which typically occurred near mid-height of the wall within the 
central 1.5 m. First cracking occurred in walls W2 to W5 between 10 and 
20 days after casting due to the combined effect of EAT contraction and 
shrinkage, but in walls W6 to W12 on day 2 due to EAT contraction. 
None of the trial panels ever cracked, confirming that cracking in the 
walls was due to restraint. Fig. 5, which is drawn to scale, shows the 
initial crack pattern and crack widths in walls which cracked at EA while 
Fig. 6a shows the crack in wall W6 at first formation. The width of 
through cracks differed in each face of the wall as illustrated in Fig. 6b, 
which shows the variation in crack width in a core extracted from wall 
W8 at EOM. Following removal of the core, the crack partially closed but 
the variation in width is still visible. As shown in Fig. 5, EA cracking first 
occurred in the central part of the wall with the centre of the crack 
located between 24 % and 40 % of the wall height above the top of the 
base. A few minor cracks were detected in the top of the base, from early 
age, but these were only recorded for bases B4 to B12. The EA cracks 
tended to be through cracks that extended and widened in the first few 
days after forming. As shown in Fig. 7, cracks that formed within the first 
3 days were spaced at approximately the wall height. Subsequently, 

Fig. 4. Experimentally derived maximum free strain calculated from peak temperature.

Table 6 
Summary of first crack formation in walls W2 to W12.

Wall

Age 
[hrs] 
from 
end of 
casting

At first cracking Max 
Width 
[mm]

Crack end 
height from 
base [mm] Location

εfree,max εrest,max hbottom htop

1 No cracks
2 247 353 75 0.10 225 260 Central
3 175 373 85 0.04 394 431 Central
4 468 467 114 0.02 320 360 Central

5 487 490 121 0.02 250 515 End: at 
opening

6 27.4 322 94 0.02 270 510 Central
7 28.1 325 66 0.04 100 680 Central
8 47.5 385 125 0.02 130 610 Central

9 45.8 429 116 0.04 160 610
Central 
and ends

10 45.8 379 322 0.38 20 1025 Central
11 45.4 401 118 0.04 290 610 Central
12 44.4 487 93 0.14 130 1150 Central
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narrow shorter cracks subsequently formed in between the EA cracks as 
indicated in Fig. 7. Cracks that formed at EA tended to be longer and 
wider at EOM than cracks which formed later. The maximum initial EA 
crack width in walls W6 to W9 and W11 was 0.04 mm. By day 3, three 
well defined cracks had formed in wall W6 and W7 with maximum 

widths of 0.14 and 0.10 mm, respectively. In wall W10, without hori
zontal reinforcement, the initial crack was full height when first 
observed with a maximum width of 0.38 mm. In wall W12, three almost 
full height through-cracks developed almost simultaneously with initial 
width between 0.04 and 0.14 mm.

Fig. 5. Crack patterns in W6 to W12 on day of first cracking (crack width in mm).

Fig. 6. Crack in a) W6 at first formation and b) through thickness of core extracted from W8 at EOM.
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3.2. Long-term cracking

Two types of cracking behaviour were observed over the monitoring 
period as described below: 

1. In walls W2 to W5, following first cracking between 7 and 20 days 
after casting, evenly distributed short surface cracks developed with 
maximum width of 0.10 mm.

2. In walls W6 to W12, following EA cracking within 2 days of casting, 
narrow shorter cracks formed in between the EA cracks as indicated 

Fig. 7. Crack patterns in walls W5 to W12 at end of monitoring (crack width in mm) (cont.).
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in Fig. 7 which, like Fig. 5, is drawn to scale. Cracks that formed at EA 
tended to be longer and wider than cracks which formed later.

By EOM, all walls except W1 had cracked as indicated in Table 7
which summarises the maximum observed crack width in each wall and 
its location. The final crack patterns in walls W5 to W12 are shown in 

Fig. 7, where cracks are colour coded, as indicated in the legend, ac
cording to when they formed. Cracking in walls W2 to W4 was similar to 
W5. Known through-cracks are shown with a dashed line. Maximum 
crack widths typically occurred in the central region of walls. Cracks in 
walls W2 to W5 were relatively short, narrow, and closely spaced (see 
wall W5 in Fig. 7). The cross-hatched squares in the elevation of wall W5 

Fig. 7. (continued).
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depict openings that were cast into the wall to allow it to be loaded in 
direct tension, through a pair of axially loaded struts bearing on cross 
members threaded through the opening, at the end of the test [27]. In 
walls W6 to W12, where through-cracks developed at EA, cracks were 
wider and longer. The maximum final crack width varied between 0.10 
and 0.12 mm in walls W2 to W5, which first cracked at 10, 7, 19 and 20 
days respectively, but exceeded 0.20 mm in walls W6 to W10 and W12. 
In walls W6 and W7, the widest cracks were full height and spaced 

roughly 1 m apart. In walls W8 to W9, the widely spaced primary 
through-cracks are less evident due to the numerous short cracks in 
between.

Full height through-cracks, which widened with height above the 
base, formed in walls W10 and W12 without horizontal reinforcement. A 
single full height crack developed in wall W10 within two days of casting 
causing the wall to behave like two separate walls from that point. The 
total free strain in wall W10 was 1015 με at EOM. In the absence of 
restraint, the corresponding shortening of each half of the wall would be 
around 2.6 mm which is similar to the crack widths of 2.5 mm and 3 mm 
measured at the top of the wall immediately above and below the 
maximum recorded crack width of 4.5 mm which, as shown in Fig. 8, 
was increased locally by spalling of concrete. The maximum crack width 
was smaller at 0.9 mm in wall W12, in which the free strain at EOM was 
951 με. The main reasons for the smaller crack widths in W12 appear to 
be that 1) three cracks formed at early age rather than one in wall W10 
and 2) only one of these cracks extended over the full height of the wall 
and only towards the end of monitoring. Consequently, for much of the 
test the width of the through cracks in wall W12 was restrained by the 
bridging of the concrete over the top of the crack. The maximum width 
of the full height crack in wall W12 increased significantly from 
0.26 mm at 63 days to 0.6 mm at 98 days, when the crack became full 
height. In walls W2 to W3, W6 to W7, W9 and W11 cracks were widest 
below mid-height of the wall, but in walls W4, W5, W8, W10 and W12 
they were widest at the top.

3.3. Distribution of crack width and development with time

Table 8 shows the percentage of crack width measurements within 
the ranges < 0.05 mm, 0.05–0.2 mm, 0.2–0.3 mm and > 0.3 mm, as 
well as the total number of measurements, for each wall at EOM. For 

Table 7 
Summary of maximum crack widths at final measurement in walls W2 to W12.

Wall
εfree 
με

Δεbase 
με

Age 
[days]

Crack 
width 
[mm]

hmax width

H Region of wall

2 599 3 87 0.12 26 % Central

3 624 101 69 0.10
22.0 % Central

36.9 %
End: At the corner 
of the end opening

4 601 99 69 0.10 41–44 %
End: At the corner 

of the end 
openings

0.06 93 % End
5 600 102 71 0.10 94 % Central
6 875 18 111 0.38 40 % Central
7 942 116 112 0.40 51 % Central
8 864 67 92 0.30 94 % Central
9 892 85 94 0.22 41 % Central
10 1015 36 109 4.50 94 % Central
11 877 157 252 0.16 35 % Central
12 951 73 166 0.90 75 % Central

Note: Δεbase = increase in shrinkage strain in base measured from just before 
casting wall, hmax width= height above base of maximum crack width.

Fig. 8. Crack measuring ruler used for main crack of Wall 10.

Table 8 
Distribution of crack widths (%) at EOM in walls W2 to W12.

Wall 2 3 4 5 6 7 8 9 10 11 12

ρh % 0.9 0.9 0.2 0.3 0.3 0.5 1.3 0.8 0 1.3 0
< 0.05 mm 73 82 85 81 72 62 60 60 58 63 48
0.05–0.2 mm 27 18 15 19 15 28 39 36 31 38 32
0.2–0.3 mm - - - - 11 5 1 4 0 - 20
> 0.3 mm - - - - 2 5 - - 11 - 25
No. measurements 73 55 20 26 46 58 80 84 36 16 25
St deviation (mm) 0.03 0.02 0.02 0.02 0.10 0.10 0.06 0.05 0.83 0.05 0.27
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long cracks, like those observed in walls W6 to W10 and W12, several 
evenly spaced measurements were made along each crack as shown in 
Fig. 7. Crack widths of 0.05 mm or less, which are not of practical sig
nificance [2] were most frequent. For practical purposes, crack widths 
greater than 0.2 mm are of most concern for water retaining and 
resisting structures [2]. Table 8 shows that these only developed in walls 
W6 to W12 where EAT cracking developed.

Cracks that formed earlier tended to be wider than cracks that 
formed later. This is illustrated in Fig. 9 which shows the variation in 
crack width with time for the widest cracks that formed 1) within the 
first three days (3 d), 2) the first week (1 w), 3) the first month (1 m) and 

4) later than 1 m (>1 m). The starting point for each interval is the end 
of the previous interval. In walls W2 to W4, cracks first formed between 
7 and 20 days (i.e. in the first month), whereas in walls W6 to W12, the 
initial cracks formed within the first 2 days of casting. In W6, the widest 
crack reduced in width beyond 55 days due to a heatwave, which led to a 
4.2◦C increase in the wall TC readings. Otherwise, cracks tended to 
widen with time due to the development of shrinkage. When new cracks 
formed, no noticeable narrowing of existing cracks was observed. Except 
for W8, in walls that cracked at EA, the widest crack at EOM developed 
within the first 3 days.

Fig. 9. Development of maximum crack widths with time.
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4. Assessment of tested walls with EC2-04, C766 and EC2-23

This section evaluates the risk of cracking, and calculates crack 
widths, in the tested walls with EC2–04, C766 and EC2–23. All three 
documents calculate the design crack width as: 

wk = S(εsm − εcm) (3) 

in which S is the maximum, or calculated, crack spacing and (εsm − εcm) 
is the crack inducing strain which is calculated for edge restraint as 
follows: 

εsm − εcm = Rεfree − ktεctu (4) 

in which εsm is the mean strain in the reinforcement, εcm is the mean 
strain in the concrete, R is the restraint factor, εfree is the free strain, kt is 
a constant which accounts for tension stiffening provided by concrete 
between cracks, which is taken as 0 in EC2–04, 0.5 in C766 and 0.4 for 
long-term cracking in EC2–23, and εctu is the tensile strain capacity of 
the concrete which is increased for creep in C766. R is a restraint factor 
defined in EC2–23 as: 

R = 1 −
εrestr

εfree
(5) 

in which εrestr is the strain which develops in the restrained element (i.e. 
measured strain). The strain εrestr should not be mistaken for the 
restrained strain εr which is “the component of free strain which is 
restrained and which generates stresses in the concrete” [2]

(
i.e. εr =

εfree − εrestr
)
. EC2–23 states that the ratio εrestr/εfree may be estimated 

from elastic analysis allowing for staged construction if relevant. 
Alternatively, EC2–23, like EC2–06, allows R to be taken as 0.5 for edge 
restrained walls. C766 gives the expressions below for calculating the 
restraint factor R in the wall at height h above the base. R is expressed as 
a multiple of Rj which is the restraint factor at the top of the base at the 
wall centreline. 

Rj =
1

1 + Anew
Aold

Enew
Eold

(6) 

R=Rj

[(

1.372(h/L)2
− 2.543

(
h
L

)

+1
)

+0.044((L/H)− 1.969)(h/H)
1.349

]

(7) 

where Anew, Aold, Enew and Eold depict the cross-sectional area and 
modulus of elasticity of the new (wall) and old (base) sections respec
tively, L is the wall length and H is the wall height. The restraint factors 
given by Eqs. (6) and (7) are close to those given by elastic analysis as 
well as ACI Committee 207 [17].

Consideration of Eq. (7) shows that the restraint factor is greatest at 
the base of the wall and reduces with height. The height above the base, 
at which the first crack forms, depends on various factors, including 
concrete properties, wall aspect ratio, EA temperature distribution, the 
level of restraint provided by the base, and whether uplift is prevented at 

the wall ends. According to C766, the restraint factor should be calcu
lated at a height of around 0.1L above the base since this is where the 
widest crack develops. The experimental results from this campaign (see 
Fig. 7) show this to be a reasonable assumption. The behaviour of walls 
W10 and W12, without horizontal reinforcement, is explained by the 
influence of cracking on the restraint factor and subsequent wall 
deformation. In W10, the central crack separated the wall into two 
sections with approximate aspect ratio 0.5L/H. Fig. 10 shows the pro
portional reduction in the C766 restraint factor R due to L/H halving 
when a full height crack forms midway along the wall dividing it in two. 
Reduction factors are plotted against h/H for L/H = 4 and L/H= 5.2. The 
restraint factor is seen to reduce significantly, with height h above the 
base, when L/H halves. In the tested walls, the peak temperature rise 
was greatest in the top half of the wall due to heat being lost to the base 
[21], [24]. Consequently, in the case of walls W10 and W12, the 
reduction in Rεfree due to full height cracking at EA was sufficient to 
prevent further consequential cracking developing in the walls over the 
long-term.

4.1. Determination of free strain with EC2-06, C766 and EC2-23

The free strain is the sum of thermal and shrinkage strains in an 
unrestrained element. The early-age thermal strain materialises within 
the first three days [21], [24], [28] in non-massive structures such as the 
walls tested in this study [3]. The difference between the peak tem
perature and the ambient temperature at 3 days is depicted T1. Both EC2 
and C766 use the full temperature drop T1 from peak to ambient to 
calculate restrained strain. This is conservative since compressive stress 
is induced in the restrained element during the heating phase with the 
restrained stress subsequently reversing sign and becoming tensile as the 
wall cools. In the long-term, the restrained strain is increased by 
shrinkage and drops in ambient temperature below that at 3 days which 
is the reference time for T1. EC2–06 calculates the EA and LT restrained 
strain as follows, where αc is the CTE for concrete, εca is the autogenous 
shrinkage, εcd is the drying shrinkage and T2 the difference between the 
ambient temperature at 3 days and the minimum likely element 
temperature. 

εrEC2− 06EA = [αc.T1 + εca(3) ]R (8) 

εrEC2− 06LT = [αc(T1 +T2 + εca + εcd]R (9) 

As shown below in Eqs. (10) and (11), C766 refines the calculation of 
restrained strain by introducing EA (3 days) and long-term (≥28 days) 
creep factors of Kc1 = 0.65 and Kc2 = 0.5 as well as restraint factors R1, 
R2, and R3 which allow for changes in boundary conditions over time 
and, hence, restraint. 

εrC766EA = Kc1[αc.T1 + εca(3) ]R1 (10) 

εrC766LT = εrC766EA + Kc1[(εca(t) − εca(3) ) + αc.T2 ]R2 + Kc2.εcd.R3 (11) 

C766, and EC2–23, define R1 as the restraint factor corresponding 
to the boundary conditions after concreting, R2 as the restraint factor 
corresponding to the boundary conditions when the maximum tem
perature drop occurs and R3 as the boundary condition prevalent during 
the development of drying shrinkage. Unlike EC2–04, C766 calculates 
the restrained strain in terms of the differential free strain between the 
restrained and restraining elements rather than the free strain in the 
restrained element. Based on Scandinavian practice, EC2–23 assumes by 
default that only 90 % of the peak temperature drop causes tensile stress 

Fig. 10. Reduction in maximum RF when aspect ratio is halved.

Table 9 
C766 max restraint factors at h= 0.1 L (without reduction for creep).

Wall W1 W2-5 W6-10 W11-12

EA 0.41 0.46 0.52 0.48
LT 0.35 0.39 0.46 0.41
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Fig. 11. Restrained stains vs tensile strain capacity for EC2–04 and C766.
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as the element is initially in compression and needs to be decompressed 
before developing tensile stress [29]. Consequently, the thermal drop is 
defined in Eqs. (12) and (13) below as kTemp

(
Tc,max − T0

)
, where Tc,max is 

the maximum temperature in the concrete, T0 the temperature in the 
restraining element and kTemp = 0.9. Thermal equilibrium with the 
restraining structure is achieved at tcrit which is the most unfavourable 
time for early age cracking. Time t2 is the zero-stress instance at which 
stress switches from compression to tension at the critical section as well 
as the reference time for development of autogenous (εcbs) and drying 
(εcds) shrinkage. According to EC2–23: 

εrEC2− 23EA = R1
(
kTempαc

(
Tc,max − T0

)
+ [εcbs(tcrit) − εcbs(t2) ]

)
(12) 

εrEC2− 23LT = R1
(
kTempαc

(
Tc,max − T0

)
+ [εcbs(t) − εcbs(t2) ]

)
+R2αcT2

+R3[εcds(t) − εcds(t2) ]
(13) 

4.2. Evaluation of risk of cracking

The risk of cracking in the tested walls was evaluated in accordance 
with EC2–06, C766 and EC2–23 using the experimentally determined 
free strains. The code recommended restraint factor of 0.5 for base 
restrained walls, which makes allowance for creep, was adopted in 
EC2–06 and EC2–23. In the C766 analysis, restraint factors were 
determined at a height of 0.1L above the base, as recommended [2], 
using Eqs. (6) and (7). As shown in Table 9, the resulting restraint factors 
are around 0.5 before reduction for creep (i.e. putting Kc1 = Kc2 = 1.0 in 
Eqs. 10 and 11).

Fig. 11 compares the maximum experimental restrained strain (εr =

εfree − εmeas), calculated as described in Section 3.1, with that calculated 
with EC2–06 (Eqs. (8) and (9)) and C766 (Eqs. (10) and (11)) using the 
maximum experimentally determined EAT and shrinkage strains. The 
shrinkage strain in the wall was assumed to equal that in the companion 
TP as described in Section 2.1. The time at which cracking was first 
observed is also shown in Fig. 11, where “EC2 A” and “EC2 B” depict the 
restrained shrinkage strain calculated in terms of 1) the full shrinkage 

strain in the wall and 2) the differential shrinkage strain between the 
wall and base. Fig. 11 shows that earlier than 3 days, C766 tends to 
overestimate the restrained strain and hence risk of cracking in walls W1 
to W5. Subsequently, C766 predicts the experimentally determined 
restrained strain reasonably well until at least first cracking. In walls W2 
and W6 to W12 that cracked significantly, C766 significantly un
derestimates the LT experimental restrained strain because of cracking 
causing a localised tensile strain increment within each DEMEC gauge 
length l (i.e. 250 mm over the central part of the wall) intersected by a 
crack of δε = w/l in which w is the crack width. C766 gives better esti
mates of the measured restrained strain in walls W3 to W5 since only 
minor cracking occurred in these walls at EOM making the strain 
increment δε = w/l small. The increase in restrained strain following 
cracking is particularly pronounced in wall W10, without horizontal 
reinforcement, where a single very wide crack developed. Following 
cracking, the strain becomes more compressive between individual pairs 
of DEMEC points not intersected by a crack, due to release of tension in 
the concrete at the cracks. Prior to the development of extensive 
cracking, adopting a restraint factor of 0.5, as suggested in EC2, greatly 
overestimates the measured restrained strain.

Cracking is predicted if the restrained strain exceeds the tensile strain 
capacity of the concrete εctu. According to C766, the ratio of the mean 
tensile strength (fctm) to the mean elastic modulus (Ecm) (depicted 
“εctu EC2”) provides a lower bound to εctu that can be used for design. 
Section 4.9.2 of C766 (depicted “εctu C766”) accounts for loading duration 
and creep by multiplying εctu EC2 by 1.08 at early age (3 days) and 1.40 at 
“late life” which is taken as ≥ 28 days in this paper with linear inter
polation between 3 days and 28 days. Both εctu EC2 and εctu C766 are 
plotted in Fig. 11 which shows reasonable correspondence between the 
actual time of cracking and that predicted from the intersection of the 
experimentally determined restrained strain and εctu C766. If checked at 3 
days and at EOM, as done in the guidance, C766 correctly predicts wall 
W1 not to crack and W2 to W12 to crack. However, C766 wrongly 
predicts cracking at EA in walls W2 to W5, which cracked later. In walls 
W6 to W12, the risk of cracking is calculated to be very high at EA, with 

Fig. 12. Restrained stress vs tensile capacity for EC2–23.
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the predicted time of cracking time close to that observed.
Annex D of EC2–23 expresses the risk of cracking due to restraint, at 

time t, as σ1(t)
0.8fct,eff (t) where σ1(t) is the tensile stress in the concrete and 

fct,eff (t) is the effective concrete tensile strength, which may be taken as 
fctm(t) based on [1]. The maximum tensile stresses to be considered in 
this assessment are given in Eqs. (14) and (15) below as σ1EA at EA and 
σ1LT in the LT. 

σ1EA = R1
Ec(t2)

1 + χφst

(
kTempαc

(
Tc,max − T0

)
+ [εcbs(tcrit) − εcbs(t2) ]

)
(14) 

σ1LT = R1
Ec,28

1 + χφ(t, t2)
(
kTempαc

(
Tc,max − T0

)
+ [εcbs(t) − εcbs(t2)]

)

+R2Ec,28αcΔTmin

+R3
Ec,28

1 + χφ(t, ts)
⋅[εcds(t) − εcds(t2)]

(15) 

in which Ec(t) is the concrete elastic modulus at time t, kTemp= 0.9, αc is 
the CTE and t2 is the time at which stress switches from compression to 
tension at the critical section. Time t2 was estimated using the three-step 
method [1] to be around 1 day for the tested walls. The coefficient χ is an 
aging factor, φst is a short-term creep factor, Tc,max is the peak tem
perature of hydration and T0 is the ambient temperature. As 

recommended in EC2–23, the age adjusted creep coefficient χφst was 
taken as 0.55 and the long-term ageing coefficient χ as 0.8. φ(t, t2) is the 
summation of basic and drying creep which was determined using 
Annex B.5 of EC2–23. ΔTmin is the change in ambient temperature after 
the change in restraint factor to R2.

The stress σ1 (see Eqs. (14) and (15)) was calculated, as a function of 
time t, for the tested walls with R1 = R2 = R3 = 0.5, ΔTmin = 0 and 
experimentally determined EA thermal strain, shrinkage strain and 
concrete elastic modulus. Additionally, σ1 (designated σ1expt(εr)) was 
calculated using the maximum measured restrained strain.

Fig. 12 compares stresses σ1 and σ1expt(εr) with 1) 0.8fctm(t)
(where fctm(t) was calculated in terms of the 28-day measured concrete 
tensile strength using equations B.2 and B.3 from Annex B of EC2–23 
(see Eqs. (1) and (2)) and 2) a maturity adjusted concrete tensile 
strength fctm,TMC(t) which accounted for the strength development of 
the TMC cubes. Results are shown for walls W2 to W4, where cracking 
occurred between 7 and 20 days and W6 which cracked at 1 day. Fig. 12
clearly shows that it is conservative to adopt R1 = R1 = R3 = 0.5 in Eqs. 
(14) and (15) when assessing the risk of cracking in the tested walls. 
Fig. 12 shows that the stress σ1expt(εr) develops more slowly than reality, 
resulting in the time of first cracking being predicted later than observed 
in walls W2 and W3 with even the lower bound tensile strength of 
0.8fctm(t).

Table 10 evaluates the methodologies proposed by C766 and EC2–23 
for estimating the risk of cracking for all 12 walls at EA (3 days) and 28 
days. The cracking risk is expressed as σ1(t)

0.8fct,eff (t) for EC2–23 and εr
εctu C766 

for 
C766. Where the ratio exceeds 1.0, and cracking was observed in the 
wall, the cracking prediction is considered accurate and shaded green. 
When cracking was predicted but not observed, the prediction is 
considered conservative and shaded blue. If cracking occurred but was 
not predicted, the cell is shaded red. Table 10 shows EC2–23 to be more 
conservative than C766, particularly at early age, with the risk of 
cracking exceeding 1.0 for all the walls, including W1, which did not 
crack. EC2–23 and C766 wrongly predict cracking at early age (EA) in 
walls W1 to W5 but correctly predict EA cracking in walls W6 to W12. 
The C766 cracking risk is lower at 28 days than 3 days due to the tensile 
strain capacity increasing faster than the restrained strain.

Table 10 
Risk of cracking using EC2-23 and C766.

Table 11 
Minimum and provided area of steel per m face (mm2).

EC2-04 C766 EC2-23 Provided

​ EA LT EA LT EA LT ​
W1 635 763 352 442 508 611 436
W2 403 725 217 408 322 580 1117
W3 524 708 282 399 419 567 1117
W4 563 647 304 364 450 518 262
W5 504 664 272 374 403 531 436
W6 436 473 225 255 348 378 262
W7 317 350 164 189 253 280 436
W8 278 385 144 208 223 308 1117
W9 337 455 174 245 270 364 670
W10 278 455 144 245 222 364 0
W11 231 455 119 245 185 364 1117
W12 380 487 202 270 304 389 0
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4.3. Minimum area of horizontal reinforcement

In tension members, the tensile resistance of the reinforcement needs 
to exceed the cracking load to obtain multiple cracking. Accordingly, 
EC2–04 calculates the minimum area of reinforcement as follows: 

As,min EC2− 04 = kc.k.fct,eff .Act

/
σs (16) 

in which fct,eff is the effective tensile strength of concrete at first 
cracking, Act is the area of concrete in tension before cracking, and σs is 
the maximum stress permitted in the reinforcement, which may be taken 
as the characteristic reinforcement yield strength fyk. kc = 1 for pure 
tension, and k reduces linearly from 1.0 to 0.65 as the section thickness 
increases from 300 mm to 800 mm. EC2–23 adopts a similar formula
tion to EC2–04 but replaces kc.k in Eq. (15) with kh which is calculated as 
follows: 

kh = 0.8 − 0.6(min{b; h} − 0.3 ) ≥ 0.5 and ≤ 0.8 (17) 

in which b and h depict the section width and height in metres.
Consideration of wall W12 shows that multiple cracks can develop in 

edge restrained walls without horizontal reinforcement due to the 
restraining effect of the base. C766 acknowledges the restraining effect 

of the base on cracking by reducing As,min from EC2–04 by a multiple 
kRedge = 1 − 0.5R, where R is the edge restraint factor at a height of h =

0.1L above the base. In the calculation of As,min, C766 reduces fct,eff to 
0.7fctm where fctm is the mean concrete tensile strength. Table 11 com
pares the areas of horizontal reinforcement provided in each of the 
tested walls with the minimum areas required at EA and in the LT by 
each method.

The minimum reinforcement areas were calculated using the 
measured concrete tensile strength at 3 days for EA and 28 days for LT. 
The LT minimum reinforcement requirements govern unless cracking is 
predicted to occur at EA but not in the LT. The minimum reinforcement 
area required by C766 ranges between 52 % and 58 % of that required 
by EC2–04. The minimum area drops by 20 % in EC2–23 compared to 
EC2–04 since kh = 0.8. The provided area of horizontal reinforcement 
exceeded or matched that required by C766 in all walls except W4, W10 
and W12. The provided area met the requirements of both EC2–04 and 
EC2–23 in walls W2, W3, W7 to W9 and W11. Values in bold indicate 
cases where the provided horizontal reinforcement did not meet the 
required minimum.

Fig. 13. Comparison of maximum measured and calculated crack widths.
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4.4. Comparison of measured and calculated EC2-04, C766 and EC2-23 
crack widths

Crack widths were calculated with Eqs. (3) and (4) using EC2–04, 
C766 and EC2–23. EC2–04 and C766 take the crack spacing S in Eq. (3)
as: 

sr,max = 3.4c+ k1k2k4
ϕ

ρp,eff
≤ 1.3H (18) 

in which c = cover, k1 = 0.8 for high bond bars, k2 = 1 for direct tension 
and k4 = 0.425, ϕ is the bar diameter and H is the wall height. The 
reinforcement ratio ρp,eff = As/(bhc,ef ) in which As is the reinforce
ment area within width b. For tension members, hc,ef is the lesser of t/2 

and 2.5
(

c+ϕ
2

)

where t is the member thickness.

EC2–23 takes S in Eq. (3) as kwsr,m,cal in which sr,m,cal is the slip length 
during the crack formation stage and the mean crack spacing when all 
cracks have formed. For edge restrained walls constrained to remain 
straight: 

sr,m,cal = 1.5c+
kfl.kb

7.2
ϕ

ρp,eff
≤ 1.3H

/

kw (19) 

in which with kfl = 1 for pure tension, kb = 0.9 for good and 1.2 for poor 
bond conditions and kw= 1.7. The reinforcement ratio ρp,eff =

0.25πϕ2/Ac,eff in which Ac,eff = (min(s,10ϕ)×
min(ax +5ϕ,3.5ax, 10ϕ,0.5t) where s is the bar spacing and ax = c +

0.5ϕ. Non defined notation is as in Eq. (18). EC2–23 states that its 
calculated crack widths are nominal values that should not be compared 
with crack widths measured on site.

Crack widths were calculated assuming good bond for walls W1 to 
W12 in terms of the maximum experimentally determined free strain 
using EC2–04, C766 and EC2–23. The restraint factor was taken as 0.5 
for EC2–04 and EC2–23. The C766 restraint factor was calculated with 
Eqs. (6) and (7) and then reduced for creep as described above Eq. (10)
with linear interpolation between 3 and 28 days. The resulting crack 
widths are plotted against time in Fig. 13. The calculated crack widths 
steadily increase with time unlike the measured widths which increase 
in discrete steps, but this may be due to gaps in time between crack 
width measurements. C766 is seen to give the least crack width and 
EC2–04 the greatest. EC2–23 always predicts lower crack widths than 
EC2–04 because 1) the crack spacing is between 24 % and 75 % less and 
2) the peak temperature drop is reduced by a multiple of 0.9. The factor 
of 0.9 reduces the restrained strains relative to EC2–04 by 10 % at EA 
and up to 6 % at 100 days. EC2–23 gives greater crack widths than C766 
despite the smaller crack spacing due to the higher adopted restraint 
factor of 0.5. When considering Fig. 13, it is pertinent to note that the 
design crack width in water retaining and resisting structures is typically 
limited to 0.2 mm as this is the maximum for autogenous crack healing. 
More onerous limits can apply to structures like deep basements subject 
to high water pressures. In this context, it is notable that the measured 

maximum crack widths in walls W6 to W8 all comfortably exceed 
0.2 mm despite the crack widths calculated with C766 and EC2–23 
being at most ~0.2 mm and mostly significantly less. On average, 
EC2–23 performs better than C766 in estimating maximum crack widths 
but the calculated crack widths are significantly less than measured in 
walls W6 to W10 which all cracked at EA. Practically, the underestimate 
of maximum crack width by C766 and EC2–23 is most significant in 
walls W7 and W8 since the crack width was calculated to be less than 
0.2 mm but was 0.4 mm in wall W7 and 0.3 mm in wall W8. EC2–04 
gives a conservative estimate of the maximum measured crack width in 
all walls except W7, W8, W10 and W12. The percentage of EOM crack 
width measurements exceeding the calculated value was determined for 
each wall using the data in Table 8. The results are shown in Fig. 14
where C766 is seen to underestimate crack widths in all walls except W4, 
with the percentage of measurements being underestimated in each wall 
ranging from 8 % to 58 %. The percentage of measurements exceeding 
the calculated width increases significantly if only through cracks are 
considered. On average, EC2–23 provides better estimates of crack 
width than C766 if R is taken as 0.5, with only 9 % of the total number of 
crack widths measured in all walls being greater than calculated. In the 
case of EC2–04, only 2 % of the total number of crack widths measured 
in all walls were greater than calculated compared with 25 % for C766.

4.5. Discussion

Prior to the development of significant cracking the experimentally 
determined restrained strain was closest to that calculated with C766. 
Furthermore, as shown in Table 10, C766 predicts cracking in all the 
walls as observed. The C766 method is considerably simpler to use than 
that in EC2–23 and is therefore recommended. Following cracking, the 
experimentally determined restrained strain increased substantially due 
to the measured surface strain becoming less compressive, or tensile, 
between pairs of adjacent DEMEC points that were crossed by cracks. At 
EOM, the maximum experimentally determined restrained strains in 
walls W2, W6, W7, W8, W9, W11 and W12 were reasonably close to 
those calculated using a restraint factor of 0.5 (see Fig. 11). EC2–04 
gives the best overall estimate of maximum crack width in these walls. 
EC2–23 gives lower crack widths than EC2–04 primarily due to the 
calculated crack spacing being less. C766 significantly underestimates 
the maximum measured crack widths due to the calculated restrained 
strain at EOM being significantly less than measured.

The tests show that the mean measured restrained strain increases 
significantly following cracking, due to localised tensile strain in
crements across cracks. Consequently, reducing the restraint factor by a 
creep factor, as done in C766, is justified for assessing risk of cracking 
but not for the calculation of crack width in edge restrained walls with 
EC2. Rather, adoption of a simplified restraint factor of 0.5 is recom
mended for crack width calculation in edge restrained walls as permitted 
by EC2.

It should be noted that the behaviour of the walls depends on 
localised variations in thermal and shrinkage strains and material 
properties. The effect of such variations could in theory be investigated 

Fig. 14. Percentage of crack width measurements exceeding calculated width at EOM.
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numerically with a suitable model but in practice, the intention of the 
design codes is to limit the maximum calculated crack width to a spec
ified value. This is done by calculating a maximum crack width with 
typically a 5 % chance of being exceeded. Hence, the code design 
equations already make allowance for the variability in material prop
erties. In our opinion, the inaccuracies in the code equations result from 
the cracking behaviour of the walls being more complex than assumed in 
the derivation of the code equations as discussed below.

4.6. Development of simplified design model

As shown in Section 4, EC2–04, C766 and EC2–23 adopt similar 
methods for the calculation of crack width in edge restrained walls. The 
main differences lie in the calculation of crack spacing and restraint 
factor. Of the three methods EC2–04 gives the best estimates of 
maximum crack width in the tested walls. However, none of the three 
methods properly capture the response of the walls after cracking. This 
is due to the models unrealistically 1) calculating the restrained strain at 
EOM assuming the member is uncracked and 2) taking the crack spacing 
as that in a tie in which stabilized cracking has developed [16].

The basis of a more realistic design model can be seen in the 
behaviour of walls W10 and W12, without horizontal reinforcement. 
The response of W10, with aspect ratio L/H = 5.1, was dominated by the 
early age formation of a single full height vertical through crack near the 
centre of the wall. This crack divided the wall in two leading to a 
reduction of restraint in each half. Over the remainder of the monitoring 
period, the initial crack widened significantly but only fine surface 
cracks, of no practical consequence, formed elsewhere in the wall. In 
wall W12, with L/H = 4.0, three vertical cracks formed at early age, 
with spacing approximately equal to the wall height, dividing the wall 
into four sections of similar length. As in wall W10, subsequent cracking 
was minimal. Only one of the three EA cracks in wall W12 extended over 
the full height of the wall. This crack was significantly wider than the 
other two EA cracks as shown in Fig. 7, due to the restraining effect of 
the concrete bridging over the partial height cracks. In walls W6 and W7 
with 0.3 % and 0.5 % horizontal reinforcement respectively, the key 
influence of reinforcement was to limit the maximum width of the initial 
EA cracks to 0.4 mm over the whole monitoring period compared with a 
maximum of 4.5 mm in wall W10. The behaviour of walls W8 and W9 
with 1.3 % and 0.8 % reinforcement respectively differed from walls W6 
and W7 in that additional through cracks developed within the first 
month. Additionally, more fine surface cracks formed in walls W8 and 
W9 compared with walls W6 and W7. The maximum crack width was 
unexpectedly greater in wall W8 with 1.3 % horizontal reinforcement 
than W9 with 0.8 % reinforcement demonstrating the random nature of 
cracking.

The observed behaviour provides insights into the mechanics of 
cracking in thin base restrained walls as illustrated in Fig. 15, where the 
horizontal reinforcement is represented by a series of springs. In the 
absence of restraint from horizontal reinforcement, an upper bound to 
the maximum crack width (see Fig. 15) is given by: 

wunreinforced < εfree
L
2

(20) 

where εfree is the differential free strain between the wall and base.
Following cracking, tension develops in the reinforcement which 

reduces the crack width below wunreinforced as well as reducing the 
increment in free strain needed to form additional cracks. For L

H ≥ 4,
second and third full height cracks are assumed to form simultaneously 
at a distance H from the wall centreline when the maximum average 
tensile stress, over the wall height, to either side of the first crack reaches 
the concrete tensile strength. The crack width is estimated as: 

w = εfreeS(1 −
ρhσs2

σr
) ≥ 0 (21) 

where εfree = αT1 + εsh is the free strain, S is the crack spacing which is 
taken as 0.5L for a single crack, and the wall height H otherwise, ρh =

Ash/Ac is the horizontal reinforcement ratio and σs2 is the reinforce
ment stress at the crack. σr is the mean tensile stress induced over the 
height of an uncracked wall of length L∗, at its centreline, by restraint of 
εfree. The length of wall L∗ considered in the calculation of σr is L∗ = L for 
1 full height crack and L∗ = 0.5L for 3 full height cracks which is the 
maximum considered in the present analysis. The term ρhσs2

σr 
equals the 

ratio of the average stress induced in the concrete by the reinforcement 
to σr which can be estimated as: 

σr = Ec,ef Rave
⃒
⃒εfree

⃒
⃒ (22) 

in which Ec,ef = KcEcmin which Kc is a creep factor which according to 
[2] can be taken as 0.65 at EA (3 days) and 0.5 in the LT. Rave is the 
average restraint factor over the height of a wall of length L∗ at its 
centreline, which can be determined with elastic FEA or Eqs. 6 and 7
from C766.

During the crack formation stage, the reinforcement strain varies to 
either side of cracks as shown in Fig. 16. Making the simplifying 
assumption that the CTE is the same for reinforcement and concrete, the 
crack width corresponding to the strain distribution in Fig. 16 is given 
by: 

w = 2le(1 − kt)(εs2 + |εsh| ) (23) 

in which kt is a coefficient which can be taken as 0.4 in the long-term 
[15]. Consideration of equilibrium gives: 

le =
ϕ
4

Δσs

τ =
ϕ
4τ.

(εs2 + |εsh|)Es

1 + mρh
(24) 

in which Δσs is the change in reinforcement stress over le, m = Es
Ec,eff 

is the 
modular ratio, εs2 is the reinforcement strain at the crack, Es is the 
reinforcement elastic modulus and Ec,eff =

Ec
1+ϕ where ϕ is the creep co

Fig. 15. Components of crack width calculations in reinforced walls.

Fig. 16. Strain diagram in reinforced concrete tie during single cracking stage 
due to shrinkage and axial load.
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efficient. Ec,eff is taken as 0.5Ec in the present analysis for consistency 
with C766. Substituting for le in Eq. 23 and assuming the average bond 
stress τ = 1.8fctm [30] gives: 

w =
ϕEs

6fctm
.
(σs2/Es + |εsh|)

2

1 + mρh
(25) 

The crack width can be calculated in terms of the differential free 
strain between the wall and base εfree and the number of cracks by 
simultaneously solving Eqs. (21) and (25). The restraint factor Rave in Eq. 
(22) reduces each time further cracks form. For the tested walls, Rave is 
estimated from Eqs. (6) and (7), using a creep factor of 0.5, to be 0.25 for 
1 crack and 0.18 for 3 cracks.

The behaviour modelled above is similar to that of walls W6, W7 and 
W12, with ρh = 0.3%, 0.5% and 0 % respectively, in which three full, or 
near full height, through thickness cracks formed with spacing approx
imately equal to the wall height. According to the simplified model 
described above the crack widths at EOM in walls W6, W7 and W12 are 
0.48 mm, 0.41 mm, and 1.14 mm which compare favourably with the 
measured values of 0.38 mm, 0.40 mm and 0.90 mm. If calculated 
assuming one crack, the estimated crack width in wall W10 is 2.6 mm 
which compares well with the measured crack width of 3 mm at the top 
of the wall. The model is less applicable to walls W8 and W9 which were 
more heavily reinforced with ρh = 1.3% and ρh = 0.8% respectively 
where many cracks formed. Even so, the model gives reasonable esti
mates of measured crack width of 0.24 mm for W8 and 0.33 mm for wall 
W9 compared with measured values of 0.30 mm and 0.22 mm respec
tively. Table 12 shows that the proposed method gives considerably 
more accurate estimations of crack width in the walls that developed 
through cracks at EA than C766 and EC2–23. The predictions also 
compare favourably with those obtained using EC2–06.

5. Conclusions

The paper describes an experimental campaign in which 12 large 
scale reinforced concrete walls were cast onto reinforced concrete bases 
to study the development of EA thermal and LT cracking in edge 
restrained walls. Variables included the concrete mix design, wall aspect 
ratio and reinforcement arrangement. Detailed measurements were 
made of concrete properties, temperature, strain and crack width. Two 
walls had no horizontal reinforcement. The initial EA crack pattern was 
similar in walls without and with horizontal reinforcement. The subse
quent behaviour diverged with reinforcement controlling the deforma
tion of the wall to either side of cracks and, hence, the crack width. 
Tension in the reinforcement at the cracks also reduced the loss of re
straint in the concrete due to cracking, thereby enabling other cracks to 
form with increasing free strain.

The risk of cracking was assessed for the tested walls using the ap
proaches of C766 and EC2–23. C766 assesses the risk of cracking by 
comparing the restrained strain with the tensile strain capacity of con
crete while EC2–23 compares the tensile stress induced by restraint with 
the concrete tensile strength. The C766 approach was found to be 
simplest and most accurate particularly if the assessment was made 
using the experimentally derived restrained strain.

Comparisons were made between measured crack widths and crack 
widths calculated with EC2–04, EC2–23 and C766 using the measured 

free strain. In this, the restraint factor was taken as 0.5 in EC2–04 and 
EC2–23, as recommended, but calculated in terms of wall geometry for 
C766 with a further reduction being made for creep. EC2–04 was found 
to give the most realistic estimates of maximum crack widths in walls 
that cracked at EA (W6 to W12) but to overestimate crack widths in 
other walls (W1 to W5). C766 significantly underestimated the 
measured maximum crack widths in almost all walls largely due to the 
reduction in restraint factor for creep. Crack widths calculated with 
EC2–23 typically lie between those calculated with EC2–04 and C766.

Based on the experimental observations, a simplified mechanical 
model is presented for calculating crack widths in edge restrained walls. 
The model accounts for the interaction between horizontal reinforce
ment and the basic crack pattern that develops in walls without hori
zontal reinforcement due to base restraint. The model is shown to give 
better estimates of maximum crack width in the walls that cracked at EA 
than EC2–04, C766 and EC2–23.
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Notation

Notation - Uppercase 
Symbols

Definition Dimensions

Abase, Aold Area of the base or restraining element L²
Awall, Anew Area of the wall or newly cast element L²
Act Area of concrete in tension L²

As, As,min
Area or minimum area of steel 
reinforcement L²

Ec, Ec(t), Ec,28
Elastic modulus of concrete (at time t or 28 
days)

ML⁻¹T⁻²

Ecm Mean modulus of elasticity of concrete ML⁻¹T⁻²

Ec,eff
Effective elastic modulus of concrete 
including creep ML⁻¹T⁻²

Ec,min Minimum modulus of elasticity of concrete ML⁻¹T⁻²
(continued on next page)

Table 12 
Calculated and maximum measured crack widths (mm) in walls with EA through cracks.

Wall
Calculated crack width (mm) Calc/Expt

W6 W7 W8 W9 W10 W12 Mean St. Dev.

Experimental 0.38 0.40 0.30 0.22 3.0 0.9 - -
Proposed 0.48 0.41 0.24 0.33 2.6 1.14 1.12 0.27
EC2–06 0.5 0.3 0.25 0.33 0.73 0.76 0.92 0.45
EC2–23 0.12 0.12 0.15 0.13 0.71 0.73 0.45 0.21
C766 0.22 0.13 0.11 0.13 0.29 0.30 0.38 0.18
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(continued )

Notation - Uppercase 
Symbols Definition Dimensions

Es Modulus of elasticity of steel reinforcement ML⁻¹T⁻²

fcm, fcm(t)
Mean compressive strength of concrete (at 
28 days or time t)

ML⁻¹T⁻²

fctm, fctm(t), fctm,TMC
Mean or maturity-adjusted tensile strength 
of concrete

ML⁻¹T⁻²

fct,eff
Effective tensile strength of concrete at 
cracking

ML⁻¹T⁻²

H, Hw Wall height L
L, Lw Wall length L
R, Rj, Rave, R1/2/3 Restraint factor (general or code-specific) –

sr,max, sr,m,cal
Maximum or mean calculated crack 
spacing

L

T, T0, T1, T2, Tc,max
Temperature variables (ambient, peak, 
differential, etc.)

Θ

w, wunreinforced
Crack width (reinforced or unreinforced 
cases) L

Notation - Lowercase 
Symbols

Definition Dimensions

α, αc
Strength development or thermal 
expansion coefficient

– / ε/◦C

ΔT Temperature difference Θ
εfree Free strain –
εsh, εcs Shrinkage strain –
εth Thermal strain –
εr, εrest,max Restrained strain –
εm, εmeas Measured or developed strain –

εcm, εsm
Mean concrete strain or mean strain in 
reinforcement –

εctu Tensile strain capacity of concrete –
εs2 Steel strain at crack –

εca, εcd
Autogenous and drying shrinkage 
strains

–

εcbs(t), εcds(t)
Shrinkage strain components as 
defined in EC2–23 –

Δε Localised strain increment due to 
cracking –

σct(t) Concrete tensile stress at time t ML⁻¹T⁻²

σs, σs2
Reinforcement stress (general or at 
crack)

ML⁻¹T⁻²

σr Restraint-induced stress in concrete ML⁻¹T⁻²
φ Reinforcement bar diameter L

ρh, ρv, ρp,eff
Reinforcement ratios (horizontal, 
vertical, effective) –

τ Average bond stress ML⁻¹T⁻²
χ , φ(t, tx) Ageing and creep coefficients –
k, kc, kt , kh , kb, kfl, kw, 
kTemp, kRedge

Empirical coefficients from codes –

M Modular ratio (E_s / E_c,eff) –
le Effective anchorage or transfer length L

βcc(t)
Strength development coefficient for 
compression

–

Data availability

Data will be made available on request.
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