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A B S T R A C T   

Through cracking resulting from external restraint of early-age thermal and long-term shrinkage strain is a significant issue in the construction industry as it causes 
leakage in water retaining and resisting structures. Concerningly, a recent field study found restraint induced crack widths to frequently exceed crack widths 
calculated in accordance with UK design practice (BS EN 1992-3 and CIRIA C766). Due to a lack of pertinent data, the reasons for this are uncertain. This paper 
compares measured and predicted crack widths in a series of 12 full-scale edge restrained walls constructed in the laboratory. The tests examine the influence on 
cracking of key parameters including concrete mix design, wall reinforcement ratio, wall aspect ratio and relative wall to base cross-sectional area. The measured and 
calculated crack widths are compared at first cracking and at the end of monitoring. Two types of behaviour were noted in the tests, dependent on when the first 
cracks formed. Cracking either occurred at early age, within 24 h of stripping the formwork, or later due to restraint of combined early age thermal contraction and 
shrinkage. The final crack widths were greatest, by a considerable margin, in walls where cracks formed at early age, despite the initial cracks being very narrow. BS 
EN 1992-3 gives the best estimates of crack width in the two walls that cracked at early age. Crack widths in these walls were significantly underestimated by C766. 
In the other 10 walls, which cracked later, C766 tends to give the best estimate of crack width.   

1. Introduction 

At early age (EA), concrete undergoes an exothermal hydration re-
action [1] leading to expansion during heating and contraction during 
cooling. The hydration reaction consumes water [1] generating capillary 
forces and negative pore pressures. This results in early age autogenous 
shrinkage [2]. In the longer term (LT), loss of internal moisture to the 
external environment causes drying shrinkage [3] which continues to 
develop over many years [4]. If restrained, early age and long term 
contraction leads to the development of tensile stress. Restraint arises 
from one part of the element expanding or contracting relative to 
another [4]. External restraint arises if a member is restrained by pre-
viously cast members. Internal restraint is most pertinent to very thick 
sections, while external restraint dominates in thin elements cast against 
relatively stiff elements [5,6]. External restraint is classified as end, 
edge, or a combination of the two [7]. The behaviour of end and edge 
restrained members is fundamentally different [4,8]. In end restrained 
members, the axial stiffness reduces on cracking causing a reduction in 
axial stress throughout the member. The next crack does not form until 
the axial stress builds up again to the cracking stress. In edge restrained 
elements, the stress relief from cracking is localised. Schlicke et al. [9] 

explain that cracking behaviour of an axially loaded RC tie is affected by 
the number of cracks that have formed and their spacing. Directly after 
initial cracking, strains are equal in the reinforcement and concrete over 
large parts of the tie and individual cracks can be considered in isolation. 
Stabilised cracking is reached when cracks are sufficiently closely 
spaced to influence each other. 

This paper focusses on cracking in edge restrained reinforced con-
crete walls where stabilised cracking does not usually occur. The tests 
investigate the influence on cracking of design parameters such as wall 
and base geometry, concrete mix design and reinforcement arrange-
ment. In the UK, the principal documents used for the assessment of 
cracking in edge restrained members are BS EN 1992 (Parts 1 (2004) and 
3 (2006) [10,11]) and CIRIA Report C766 [4] which provides non 
contradictory complimentary guidance to BS EN 1992. Despite C766 
being based on BS EN 1992 differences in the documents have a notable 
impact on the calculated crack width. Both documents calculate crack 
width as the product of the maximum crack spacing, sr,max and crack 
inducing strain, εcr, but differences arise in the calculation of the latter. 
BS EN 1992-3 (2006) takes εcr as the restrained strain, εr, while C766 
takes εcr = εr −0.5εctu, where εctu is the tensile strain capacity of the 
concrete. The C766 approach is based on the assumption that the tensile 
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strain in the concrete increases linearly from zero at the crack to εctu over 
0.5sr,max to either side of the crack. Hence, the mean tensile strain in the 
concrete over sr,max is assumed to be 0.5εctu. The British Standards 
Institute version of Eurocode 2 [10,11] gives the same method as the 
European version [12]. 

The restrained strain, εr, is the fraction R of the free strain, εfree, that 
is unable to materialize due to restraint. In edge restrained members, BS 
EN 1992-3 (2006) calculates the restrained strain as εr = R.εfree. Where 
εr is insufficient to cause cracking on its own, its presence reduces the 
cracking force and, hence, the effective concrete tensile strength [13]. 

BS EN 1992-3 (2006) states that “restraint factors may be calculated 
from a knowledge of the stiffnesses of the element considered and the 
members attached to it”. It also provides a set of figures showing re-
straint factors for common cases of edge restrained walls. The restraint 
factors in these figures are either 0.5, 0.25 or 0 depending on position. In 
practice, a blanket value of R = 0.5 is often adopted even though the 
code allows the use of more refined values. 

As in ACI 207.2R-95 [14], C776 calculates the restraint factor at joint 
level as Rj =

1
1+Anew .Enew/Aold .Eold 

in which Anew.Enew and Aold.Eold are the axial 
rigidities of the restrained and restraining elements. In walls of height H 
and length L, C766 calculates the restraint at height h above the base as 
follows: 

R = Rj

[(
1.372(h/L)2

− 2.543(h/L)

+ 1
)
+ 0.044((L/H) − 1.969 )(h/H)

1.349
]

(1) 

Below h = 0.1L, C766 considers the closing action of the base slab to 
control crack widths in the wall. Above 0.1L, R reduces with wall height. 
Consequently, C766 calculates R, and hence crack width, at a height of 
0.1L above the base. C766 also reduces R for creep as described below 

Table 1. 
BS EN 1992-1-1 (2004) provides three formulae for the calculation of 

the maximum crack spacing, sr,max, with the choice of formula depen-
dent on the horizontal reinforcement arrangement. Use of these 
formulae is summarised in the flow chart of Fig. 1. For horizontal 
reinforcement spacings satisfying S ≤ 5

(
c+ϕ

2
)
, where c is the cover and 

ϕ the bar diameter, sr,max is calculated using Eq. 7.11 of BS EN 1992-1-1 
(2004) (see Fig. 1). In Eq. 7.11, k3 = 3.4, k4 = 0.425, k1 = 0.8 for high 
bond bars, k2 = 1 for direct tension and ρp,eff = As/(b.hc,ef) in which As is 
the reinforcement area within width b of the member. For tension 
members, hc,ef is the lesser of t/2 and 2.5 

(
c + ϕ

2
)

where t is the member 
thickness. C766 takes k1 = 1.14 at early age if the element thickness (t) 
exceeds 300 mm and the cover (c) is less than 50 mm. If the spacing of 
the horizontal reinforcement bars is greater than 5

(
c+φ

2
)
, an upper 

bound to sr,max is given by Eq. 7.14 (see Fig. 1) in which (h-x) is the 
tensile depth of the section to the neutral axis. For edge restrained 
members, (h-x) equals the wall height, H, for reasons explained by Beeby 
[15]. This gives sr,max = 1.3H, as defined in BS EN 1992-1-1 (2004), for 
edge restrained walls with less than minimum horizontal reinforcement. 

The BS EN 1992 and C766 methods for calculating crack widths in 
edge restrained members are summarised in Table 1. The BS EN 1992-1- 
1 (2004) crack width calculation procedure does not explicitly consider 
whether or not the restrained strain is greater or less than the concrete 
cracking strain εctu as defined in the Note of Table 1. This is addressed in 
C766 which defines the cracking ‘risk’ as the ratio of the crack inducing 
strain to the tensile strain capacity of the concrete. C766 only calculates 
restraint induced crack widths if the cracking risk exceeds 1. 

BS EN 1992-1-1 (2004) requires the provision of the minimum area 
of steel given by Eq. (2) in which kc and k account for the distribution of 
tensile stress, fc,teff is the effective tensile strength of concrete at first 
cracking, Act is the area of concrete in tension before cracking, which for 
walls restrained along their bottom edge is the total vertical cross 
sectional area of the wall perpendicular to the horizontal imposed 
strains, and σs is the maximum stress permitted in the reinforcement, 
which may be taken as the characteristic reinforcement yield strength 
fy,k.

As,min = kc.k.fct,eff .Act/σs (2) 

The coefficient 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. 

C766 considers the minimum reinforcement requirements of BS EN 
1992-1-1 (2004) to be excessive for edge restrained walls since the 
opening of cracks is partially restrained by the base. Consequently, C766 
reduces As,min by a multiple kRedge(= 1 − 0.5Redge), where Redge is the edge 
restraint factor at a height of 0.1L. C766 also reduces the concrete tensile 
strength in Eq. 2 to 0.7fctm where fctm is the mean concrete tensile 
strength. 

FprEN 1992-1-1 [2], the final draft of the next generation of BS EN 
1992-1-1, proposes several changes to the current BS EN 1992 guidance 
for edge-restraint cracking. The changes are mostly in line with C766. 
However, unlike C766, FprEN 1992-1-1 [2] evaluates the risk of 
cracking in edge restrained members by comparing the tensile stress in 
the concrete σct(t) to its tensile strength fctm(t) as proposed in the Coin 
project [1]. This differs from C766 which compares the tensile strain 
capacity of the concrete with the restrained strain. C766 uses the full 
temperature drop T1 from peak to ambient in the calculation of 
restrained strain. This is conservative since compressive stress is induced 
in the restrained element during the heating phase. Subsequently, the 
restrained stress reverses sign and becomes tensile as the wall cools. 
Based on Scandinavian practice, the background document [14] to 
Annex D of FprEN1992-1-1 assumes by default that only 90 % of the 
peak temperature drop T1 causes tensile stress. FprEN 1992-1-1 calcu-
lates crack spacing similarly to BS EN 1992-1-1 (2004) (Eq. (7.11)) but 
with amended coefficients replacing k1−4 in Eq. 7.11. The crack width is 
calculated with Eq. (4) in which kw = 1.7 converts the mean crack width 

Table 1 
Comparison of BS EN 1992 and CIRIA C766 design equations for restraint 
induced cracking.   

BS EN 1992 C766 

Restraint 
factor 

R = 0.5 Eq. (1) 

Restrained 
strain EA 

εrEA = [αc.T1 +εca(3) ]R εrEA = Kc1[αc.T1 +εca(3) ]R1 

Restrained 
strain LT 

εr =
[
αc(T1 + T2) + εca +

εcd
]
R 

εr = εrEA + Kc1[(εca(28) − εca(3) ) +
∝c.T2 ]R2 + Kc2 .εcd.R3 

Crack 
inducing 
strain 

εr εr −0.5εctu 

Crack 
spacing 

See Fig. 1 

Design 
crack 
width 

wk = sr,max.εr wk = sr,max(εr − 0.5εctu)

Note: αc is the coefficient of thermal expansion for concrete, Kc1 and Kc2 are 
respectively early age and long term creep factors (Kc1 = 0.65 and Kc2 = 0.5), T1 
is the difference between the peak temperature and the ambient temperature at 
the end of the thermal cycle, T2 is the difference between the mean ambient 
temperature at the end of the thermal cycle and the minimum temperature likely 
to be experienced by the element in its lifetime. εca(t) and εcd(t) are the 
autogenous and drying shrinkage at time t. εctu is the tensile strain capacity of the 
concrete at the time of the crack width calculation. Section 4.9.2 of C766 cal-
culates εctu as the ratio of the mean tensile strength (fctm) to the mean elastic 
modulus (Ecm) at 3 days and 28 days (for early age and long term, respectively). 
To account for loading duration and creep, εctu is multiplied by 1.08 at early age 
and 1.40 at “late life”. C766 tabulates early age and long term tensile strain 
capacities in terms of aggregate type for a class C30/37 concrete. For cube 
strengths between 20 and 60 MPa, εctu for a C30/37 concrete is multiplied by 

0.63+
fck,cube

100
. Alternatively, εctu can be calculated in terms of measured fctm and 

Ecm. sr,max is the maximum crack spacing in the stabilised cracking stage or twice 
the transfer length during the crack formation stage.  
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into a calculated one and k1/r accounts for curvature. The mean crack 
spacing srm,cal is limited to a maximum of 1.3(h − x)/kw. 

wk,cal = kw.k1/r.srm,cal.εcr (4) 

In edge restrained elements, FprEN 1992-1-1 calculates εcr similarly 
to C766, but 40 % of the concrete cracking strain, εctu, is subtracted from 
εr compared with 50 % in C766. Finally, a restraint factor of R = 0.5 is 
recommended despite the background document [16] acknowledging 
the variation in restraint with time and referring to the formulation 
proposed by CIRIA C660 [17]. Due to the similarity of the treatment of 
restraint induced cracking in C766 and FprEN 1992-1-1, the latter is not 
considered further in this paper. 

This research was motivated by previous work [6,18], which showed 
BS EN 1992 not to properly capture the observed cracking behaviour in 
edge-restraint elements. This conclusion is supported by Jędrzejewska 
et al. [19], who found restraint induced crack widths in numerous 
structures to exceed crack widths calculated with BS EN 1992 and C766 
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 BS EN 1992. The adverse impact of cracking in concrete 
structures resulting from shrinkage, thermal and restraint effects, 
including the potential durability, functionality, aesthetic and economic 
consequences is widely discussed across the literature [20,21]. This 
paper evaluates the accuracy of crack width calculation methods in BS 
EN 1992 and C766 by comparing measured and calculated crack widths 
in 12 edge restrained walls constructed at UoL and ICL. 

2. Experimental details 

The work presented here is part of an experimental campaign into 
restraint induced cracking being undertaken at University of Leeds 
(UoL) and Imperial College London (ICL). Results from 12 tests in which 
RC walls were cast onto existing, mature base slabs are presented and 
discussed in this paper. The experimental procedure is explained below. 

2.1. Test Set-Up 

The base and wall construction sequence adopted at ICL is illustrated 
in Fig. 2(a) to (d). A similar procedure was adopted at UoL apart from 
the use of modular formwork panels. The ends of the base were tied 
down to the laboratory floor with a pair of holding down bolts to prevent 
curling. The bolts were prestressed to a load of 100kN prior to casting 
the wall. The wall was cast a minimum of 28 days after the base which 
restrained the wall. Control specimens were cast alongside each base 
and wall to determine pertinent concrete properties such as free 
shrinkage strain, free thermal strain and tensile strain capacity. The 
control specimens included an unreinforced 1 m square trial panel with 
the same thickness as the wall. 

The specimen dimensions and reinforcement details varied between 
tests as shown in Table 2. Walls UoL1-5 and ICL1 had a length to height 
ratio (L/H) of 4, while L/H for ICL2-7 was 5.2. The base to wall area ratio 
(Ab/Aw) was 0.83 for UoL1 and ICL1 with base slab thickness 0.3 m, wall 
thickness 0.25 m and wall height 1.3 m. Since walls ICL1 and UoL1 did 
not crack, Ab/Aw was increased in subsequent tests. The wall thickness 
was 0.25 m in all the tests except ICL6-7 where the thickness was 
reduced to 0.175 m to promote early age cracking. In walls UoL2-5, the 
base thickness and width were increased to 0.4 m and 1 m, respectively, 
while the wall height was reduced to 1 m, thus achieving Ab/Aw of 1.6. 
In walls ICL2-7, the wall height was 1.025 m, and base thickness 0.3 m 
thus increasing Ab/Aw to 1.05 for ICL2-5 and 1.51 for ICL6-7. Walls 
ICL2-4 had 0.25 m square openings positioned just above the base with 
far edge at 0.6875 m from each end of the wall. These openings were 
provided to enable the walls to be loaded, at the end of the test, hori-
zontally in direct tension through a cross member. The ends of ICL2-3 
were increased in height to 1.3 m over a length of 0.7 m to provide a 
reaction to the top strut of the loading rig as described in [22]. 

In all specimens, the top and bottom reinforcement in the base 
consisted of longitudinal 12 mm bars at 100 mm spacing and transverse 
10 mm bars at 300 mm spacing. Table 3 gives details of the horizontal 
and vertical reinforcement provided in each wall. The horizontal bars in 
the wall were in the outer layer. The effect of omitting horizontal rein-
forcement altogether was investigated in walls UoL4 and UoL5. Also 

Fig. 1. Flow chart for the calculation of crack spacing as per BS EN 1992-1-1 (2004).  
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shown in Table 3 are the minimum areas of horizontal reinforcement 
required by BS EN 1992-1-1 (2004) and C766 calculated in terms of the 
28 day concrete tensile strength. The latter was taken as 0.9 times the 
splitting strength as recommended by BS EN 1992-1-1 (2004). The 
minimum areas of reinforcement required by C766 and BS EN 1992-1-1 
(2004) are also compared graphically in Fig. 3 for both early age and 
long term. Early age depicts early age conditions up to 3 days from 
casting as defined in C766 [4], while long term depicts conditions at the 
end of each test. The early age minimum reinforcement areas in Fig. 3 
were calculated with measured concrete tensile strengths at 3 days and 
are pertinent to control of early age cracking. 

Based on trial mixes at UoL, the concrete mix design was refined as 
the tests progressed in order to increase the likelihood of cracking. To 
maximise the temperature rise, and hence likelihood of cracking, CEM1 
was specified without any cement replacement. Limestone coarse 

aggregate was initially used but to increase the coefficient of thermal 
expansion (CTE) this was later changed to gravel at ICL and sandstone at 
UoL (see Table 4). With the exception of UoL1, the shuttering for the 
walls was insulated to maximise the thermal drop following casting. At 
ICL, the shuttering consisted of 19 mm plywood sheets spanning be-
tween 145x70 mm2 horizontal timber joists spaced at 250 mm centres. 
The plywood between the joists was insulated with either 50 mm or 100 
mm polyisocyanurate (PIR) sheets placed between the joists as well as 
the top and ends of the wall. In walls ICL1-5, the surface conductance of 
the provided 19 mm plywood and 50 mm PIR sheets is estimated to be 
0.42 W/m2K. In walls ICL6 and ICL7, the thickness of the PIR was 
increased to 100 mm reducing the thermal conductance to 0.21 W/m2K. 
Modular technopolymers-based formwork panels were used at UoL in 
combination with sheep wool insulation, aside from UoL1 where insu-
lation was omitted. In walls UoL2-4, 100 mm of insulation provided a 
total surface conductance of 0.49 W/m2K. This was increased to 200 mm 
for UoL5, giving 0.22 W/m2K surface conductance. The formwork for 
the 1 m square trial panels was insulated similarly to the walls. 

2.2. Monitoring procedure 

Temperature was measured with K-type thermocouples in the base, 
wall and trial panel following casting. The thermocouples were posi-
tioned evenly over the height of each element at its centre, quarter- 
length and ends. Temperature readings were recorded every minute at 
early age with the frequency of measurements reduced to hourly in the 

Fig. 2. Test set up for ICL2 showing a) Reinforcement of wall and base before casting, b) Instrumentation, c) Installation of formwork before casting of wall and d) 
Wall after striking of formwork. 

Table 2 
Dimensions of bases and walls.  

Wall Base dimensions (m) Wall dimensions (m) Ab/Aw 

W T L H T L 

ICL1  0.9  0.3  6.0  1.3  0.25  5.2  0.83 
ICL2-5  0.9  0.3  6.0  1.025  0.25  5.2  1.05 
ICL6-7  0.9  0.3  6.0  1.025  0.175  5.2  1.51 
UoL1  0.9  0.3  6.0  1.3  0.25  5.2  0.83 
UoL2-5  1.0  0.4  5.4  1.0  0.25  4.0  1.60  
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long term. Surface strains were measured in one face of the base, wall 
and trial panel over a regular grid of demountable mechanical strain 
gauge (DEMEC) points [22]. The DEMEC grid for the walls consisted of 
horizontal rows of DEMEC points, positioned over the complete length 
of the wall. At ICL, the rows were positioned at 250 mm centres verti-
cally, while UoL adopted 7 rows at a 150 mm vertical spacing. Over the 
central half of the wall a gauge length of 200 mm was adopted at UoL 
and 250 mm at ICL. Over the end quarters of each wall, the gauge length 
was doubled to 400 mm at UoL and 500 mm at ICL. The peak 

temperature typically occurred immediately before removal of form-
work which was commenced once the temperature had peaked. At ICL 
one side of the formwork was initially removed to allow the DEMEC 
points to be fixed. At UoL the modular panels of the formwork were 
removed sequentially as the DEMEC points were fixed. The first full set 
of DEMEC readings in the wall and trial panel was typically taken 
around one hour after stripping the formwork (see Table 4). The form-
work was removed from the other wall face while the first set of DEMEC 
readings was being taken at ICL, and immediately after the first set of 

Table 3 
Details of the reinforcement.  

Test Wall reinforcement 

Vertical bars Horizontal bars Cover 
(mm) 

fct(28d) for Asmin 

(MPa) 
ρh prov-ided 
(%) 

ρh,min LT BS EN 1992-1-1 (2004) 
(%) 

ρh,min LT C766 
(%) 

ϕ 
(mm) 

Spac-ing 
(mm) 

ϕ 
(mm) 

Spac-ing 
(mm) 

ICL1 16 150 10 180 40  3.1  0.35  0.61  0.35 
ICL2 16 150 16 180 25  2.9  0.89  0.58  0.32 
ICL3 12 180 16 180 25  2.8  0.89  0.57  0.32 
ICL4 12 180 10 300 30  2.6  0.21  0.52  0.29 
ICL5 12 180 10 180 30  2.7  0.35  0.53  0.30 
ICL6 12 180 10 300 25  2.7  0.30  0.54  0.29 
ICL7 12 180 10 180 25  2.0  0.50  0.41  0.22 
UoL1 16 150 10 180 30  3.4  0.35  0.68  0.40 
UoL2 16 150 10 180 30  1.7  0.35  0.35  0.19 
UoL3 20 125 10 180 30  2.2  0.35  0.43  0.23 
UoL4 12 180 0 0 0  2.6  0.00  0.51  0.27 
UoL5 20 170 0 0 0  2.9  0.00  0.58  0.31  

Fig. 3. Comparison of As,min required (at EA & LT) & provided.  

Table 4 
Measured 28 day properties.   

Aggregate 
type 

CTE fcm 

(MPa) 
fctm 

(MPa) 
Ecm 

(GPa) 
T1 (t ≤ 3 days) from peak (used in crack width 
calculation) (oC) 

T1D (t ≤ 3 days) from 1st DEMEC 
reading (oC) 

T1D/ 
T1 

ICL1 Limestone  8.45 51.8  3.1  35.7 34.9/18.0 hrs 32.9/20.5 hrs  0.94 
ICL2 Limestone  8.45 42.6  2.9  30.9 34.7/17.9 hrs 31.3/18.5 hrs  0.90 
ICL3 Limestone  8.45 42.5  2.8  31.9 40.5/17.6 hrs 36.0/18.4 hrs  0.89 
ICL4 Gravel  12.2 41.3  2.6  30.5 30.7/20.9 hrs 25.3/21.8 hrs  0.82 
ICL5 Gravel  12.2 42.2  2.7  32.9 30/22.1 hrs 24.9/23.1 hrs  0.83 
ICL6 Gravel  12.2 40.9  2.7  37.3 43.9/20.8 hrs 38.2/22.0 hrs  0.87 
ICL7 Gravel  12.2 29.4  2.0  31.4 36.8/20.4 hrs 31.8/21.9 hrs  0.86 
UoL1 Limestone  9.0 49.4  3.4  31.4 27.7/17.8 hrs 27.0/20 hrs  0.97 
UoL2 Limestone  9.0 30.9  1.7  29.9 24.3/18.8 hrs 17.5/20 hrs  0.72 
UoL3 Sandstone  12.5 35.3  2.2  22.1 35.5/19.5 hrs 33.2/18.8 hrs  0.94 
UoL4 Sandstone  12.5 35.9  2.6  24.2 25.7/19.0 hrs 22.9/20.2 hrs  0.89 
UoL5 Sandstone  12.5 41  2.9  22.8 40.2/17.8 hrs 29.9/20.5 hrs  0.74  
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readings at UoL. In the other face of the walls, strain was measured using 
digital image correlation. Good correlation was achieved between the 
strains measured in each face of the walls. The measured strain can be 
subdivided as follows: 

εmeasured = εtotal = εfree + εr +w/L (5) 

in which the free strain εfree = α.ΔT +εsh where α is the CTE, ΔT is the 
temperature drop in the wall from the first set of DEMEC readings, εsh is 
the shrinkage strain, εr is the restrained strain, w is the crack width if 
present and L is the gauge length over which the strain is measured. 
Tensile creep [23] increases the measured strain εmeasured and, therefore, 
the restrained tensile strain εr which includes an elastic and creep 
component. 

The estimated restrained strain in the concrete (εr) before cracking is 
given by: 

εr = εmeasured − εfree (6a) 

After cracking, the estimated restrained strain in the concrete is 
given by: 

ε′
r = εmeasured − εfree −w/L (6b) 

The restrained strain was estimated with equation (6a) throughout 
the tests even if cracking had occurred. Strains were determined be-
tween each pair of DEMEC points and then averaged over the central 
half of the wall for each row. The resulting strain εr,ave includes the crack 
strain and hence exceeds the tensile strain in the concrete between 
cracks. The difference between εr,ave and ε′

r is given by: 

εr,ave − ε′
r =

∑n
1wi

0.5Lwall
(7)  

where n is the number of cracks of width wi within the central half of the 
wall of length 0.5Lwall. 

The influence of cracking on εr,ave increases with crack width and 
number of cracks. For a single crack of width 0.02 mm in 0.5Lwall equal 
to 2.6 m, εr,ave −ε′

r,ave equals 8 µε. This increases to 58 µε for 3 cracks with 
combined width 0.15 mm. Consequently, once the wall has cracked 
significantly the experimentally derived restrained strains are no longer 
directly comparable with εr = R.εfree as calculated in BS EN1992-3 
(2006). 

The free shrinkage strain in the walls was estimated using either 
published guidance (ICL1 and UoL1-3) or from strains measured in the 
trial panels after correction for thermal strain where available (ICL2-7 
and UoL4-5). The thermal strain was estimated as the product of the CTE 
and the measured temperature drop from the first set of DEMEC read-
ings. The CTE was determined experimentally at ICL from strain mea-
surements in prisms heated in a water bath. For ICL1 and UoL1-3, 
without trial panels, shrinkage strains were measured in small scale 
prisms and then compared with those given by the guidance documents 
BS EN 1992-1-1 (2004) [10] and Model Code 2010 [24]. Additionally, 
UoL made comparisons with shrinkage models B4 Bazant [25] and ACI 
209.2R [26]. Shrinkage in these walls was calculated with the best 
matching model. The experimentally derived shrinkage strains from the 
top row of the trial panels were adopted for walls ICL2-7 and UoL4-5. 
The walls were regularly inspected with a magnifying glass to identify 
the development of cracks. At the onset of cracking, and at regular in-
tervals thereafter, crack widths were measured using a portable micro-
scope with 40x magnification and measuring resolution of 0.02 mm. The 
crack development and the location of the maximum crack width were 
recorded for each crack. 

3. Results and discussion 

3.1. Measured concrete properties and temperatures 

Table 4 summarises the measured 28-day concrete properties for 
each wall. The ICL CTEs in Table 4 are measured whilst those given for 
the UoL tests are taken from C766 according to aggregate type. The 
concrete compressive strengths (fcm) were determined from 100 mm 
diameter cylinders at ICL and 150 mm diameter cylinders at UoL. The 
concrete tensile strengths (fctm) were taken as 90 % of the measured 150 
mm diameter split cylinder strengths as recommended by BS EN 1992-1- 
1 (2004) [10]. Fig. 4, which is representative, shows the variation with 
time of the temperature profile at the centre of the wall over its height. 
The temperature drop (T1) from peak to ambient at 3 days varied be-
tween walls as shown in Table 4 which also shows the time in hours from 
end of casting the wall to i) the peak temperature and ii) the first set of 
DEMEC readings. The temperature drop to ambient at 3 days from the 
time of the first set of DEMEC readings is depicted T1D. The variation in 
T1 between walls is a function of differences between walls in concrete 
mix design, insulation, striking time and ambient temperature. In all 
walls, the maximum temperature developed in the central region of the 
wall, between 50 and 80 % of the wall height above the base. The drop in 
temperature, over the wall height, between mid-height of the wall and 
the base is due to heat being lost to the base. 

3.2. Restrained strains and development of cracking 

Of the 12 walls reported here, 10 cracked at some point during their 
monitoring period. Tables 5 and 6 give the free strain, the restrained 
strain, the concrete tensile strain capacity, wall age and maximum crack 
width at i) first cracking and ii) the end of monitoring. Additionally, 
Table 5 shows the height of crack width measurement above the base 
when it first formed and Table 6 shows the shrinkage strain in the wall at 
end of monitoring. Walls ICL1 and UoL1-2 are omitted from Table 5 
since they did not crack. The C766 restrained strains in Tables 5 and 6 
are the product of the free strain and the restraint factor calculated with 

Fig. 4. Typical Temperature Profile with Time (UoL5 and ICL6).  
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equation (1) at a height of 0.1L and adjusted for creep as described in the 
notes below Table 1. The thermal component of the free strain was 
calculated in terms of the peak temperature drops T1 given in Table 4. 
The reference time for the “test” strains in Tables 5 and 6 is that of the 
first set of DEMEC readings which accounts for the “test” free strains in 
Table 5 being less than the C766 free strains. The temperature drop T2 
(see Table 1) was neglected in the long term C766 calculations since 
there was no significant temperature difference between the base and 
wall after 3 days. The thermal component of the “test” long term free 
strains in Table 6 includes that due to T2 since this impacted the 
measured DEMEC strains. Average restrained strains were calculated 
over the central half of each wall for each row of DEMEC points, in terms 
of the corresponding measured temperature drop in that row. The 
greatest of the row averages is reported as εr,ave(t) “test” in Tables 5 and 
6. At first cracking, εr,ave(t) was greatest in the second row of DEMEC 
points above the base in ICL2-7 corresponding to a height of around 0.1L 
above the base as assumed in C766. For UoL3-5, the maximum εr,ave(t)
fell between 0.05L and 0.13L above the base. Uncertainties arise in the 
experimentally derived restrained strains due to i) cracking occurring 
between sets of DEMEC readings and ii) assuming the wall to be un-
stressed when the first set of DEMEC readings is taken. Between striking 
and taking the first set of DEMEC readings, typically around an hour 
later (see Table 4), the maximum temperature in the wall dropped be-
tween 10 and 14 % at ICL with the exception of walls ICL4-5 where the 
drop was ~17 %. At UoL, the corresponding temperature drop varied 
between 3 % and 28 %. The temperature drops from peak (T1) and from 
taking the first set of DEMEC readings (T1D) are shown in Table 4 along 
with the corresponding time in hours from casting. Consequently, with a 
few exceptions, assumption ii) is broadly consistent with Scandinavian 
practice [14] which assumes 90 % of the temperature drop to contribute 
to the development of tensile stress. The experimental restrained strains 
in Table 6 were calculated with equation (6a) which neglects the in-
fluence of cracking which becomes progressively more significant as 
cracking develops. This explains why the experimental restrained strains 

in Table 6 at end of monitoring are typically significantly greater than 
calculated with C766. 

The C766 concrete tensile strain capacity εctu(t) was estimated in 
terms of fctm(t) and Ecm(t) using the approach described in the notes 
below Table 1. The concrete properties fctm(t) and Ecm(t) were estimated 
by multiplying the measured 28 day values by the age adjustment factor 
β(t) given in EN 1992-1-1 (2004). The tensile strain capacity at the time 
of cracking was calculated as εctu(t) = kC766.

fctm(t)
Ecm(t)

, where kC766 is taken as 
1.08 at an age of up to 3 days like for ICL6-7 and 1.40 for ages beyond 28 
days like for UoL3-4. Linear interpolation was applied when cracking 
occurred between 3 and 28 days as observed in ICL2-5 and UoL5. Table 5 
shows that the C766 restrained strains at first cracking were similar to or 
greater than εctu(t) in all the walls that cracked. At first cracking, the 
experimental restrained strains lie between 76 and 123 % of the C766 
tensile strain capacity εctu. The deviations between the two are unsur-
prising given the approximations involved in the calculation of each. 

Walls ICL6 and ICL7, which were the only walls to crack at early age, 
cracked within 1 day of casting. Walls ICL2-ICL5 and UoL5 all cracked 
prior to 28 days, while UoL3 and UoL4 cracked notably later at 50 and 
46 days, respectively. The variation in age at which cracking initially 
occurred is a result of differences in the development of concrete tensile 
strength and restrained strain with time. In walls ICL6 and ICL7, the 
restrained early age thermal strain was sufficient to cause cracking but 
in the other walls, cracking resulted from the combined effect of the 
early age thermal drop and long term shrinkage. 

Within one week of initial cracking, further short fine cracks formed 
in each wall. Subsequently, the first cracks to form widened and 
lengthened. The cracks tended to develop in short unconnected lengths 
which subsequently joined forming wider cracks that extended over the 
wall height. Cracks were typically near vertical apart from near the wall 
ends where cracks were inclined as shown in Fig. 5. In walls ICL2-ICL4 
with openings, wide diagonal cracks initiated at the top outer corner of 
the opening which acted as a crack inducer. 

Table 5 
Initial cracking.  

Test Age (t) at cracking (days) εfree,max(t) 
(test) 

εfree(t) from peak 
(C766) 

εctu(t) 
(C766) 

εr,ave(t) max (test) εr(t) (C766) Crack width w (mm) Height at w (mm) 

ICL2 10 315 377 118 75 105  0.10 243 
ICL3 7 335 395 107 86 108  0.04 410 
ICL4 19 396 458 115 114 127  0.02 340 
ICL5 20 407 454 110 121 126  0.02 383 
ICL6 1.14 289 328 102 94 111  0.02 390 
ICL7 1.17 247 335 85 66 113  0.04 390 
UoL3 50 478 572 140 128 190  0.04 390 
UoL4 46 347 443 151 123 141  0.06 350 
UoL5 21 560 629 174 201 210  0.04 280  

Table 6 
Final Cracking (end of monitoring period).  

Test Age (t) at end of monit-oring (days) εctu(t) (C766) εsh,net(t)† εsh,wall(t) εfree,max(t) (test) Max εr,ave(t) (test) εr(t)(C766) Max crack width test w (mm) 

ICL1 112 125 156 229 511 150 111  – 
ICL2 87 137 304* 335* 559 247 151  0.12 
ICL3 78 129 69* 296* 588 196 120  0.10 
ICL4 70 123 126* 182* 525 150 140  0.04 
ICL5 71 118 147* 211* 516 148 142  0.06 
ICL6 111 106 336* 400* 815 469 263  0.38 
ICL7 113 95 390* 453* 857 448 244  0.40 
UoL1 50 156 88 139 382 96 86  – 
UoL2 50 83 95 144 301 179 106  – 
UoL3 100 143 140 196 611 101 201  0.14 
UoL4 73 154 180* 235* 521 100 166  0.08 
UoL5 73 185 286* 341* 715 583 260  0.10 

* Experimentally determined shrinkage based on trial panels. 
- No cracking observed. 
† Differential shrinkage between base and wall. 
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Fig. 5. Representative experimental cracked walls (ICL and UOL).  
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Table 5 gives the maximum early age crack width and corresponding 
height above the base. The maximum crack width at the end of the 
monitoring period is reported in Table 6. The corresponding crack pat-
terns are shown in Fig. 5. The crack patterns in walls ICL6 and ICL7, 
which cracked at early age, are fundamentally different from those in 
the other cracked walls. The main cracks in ICL6 and ICL7 are through 
cracks, which extend over the full height of the wall at a spacing of 
approximately the wall height of 1 m. Fewer secondary cracks formed in 
walls ICL6 and ICL7 than typically in the other walls. The initial early 
age cracks in walls ICL6 and ICL7 increased in width during the moni-
toring period from 0.02 mm to 0.38 mm in ICL6 and 0.04 mm to 0.40 
mm in ICL7. These increases in width are the largest observed. In the 
remaining walls that cracked, the cracks were shorter, narrower and 
more closely spaced. Final cracking in walls ICL2, 3 and UoL5 was much 
more extensive than in walls ICL4, UoL3 and UoL4. 

Fig. 6a and b depict the location and severity of cracking in all the 
walls in the form of heat maps which show the total number of cracks in 
each grid square, summed over all the walls, and the maximum crack 
width in each grid square. The heat maps highlight the trends in the 
crack patterns of Fig. 5. As the crack widths were manually recorded, 
they are not available for all positions for every crack. Therefore, the 
heat maps in Fig. 6 are indicative, showing the maximum known crack 
width in each grid location. Fig. 6a shows that cracking tended to be 
concentrated in the lower half of the walls with more cracks forming in 
the central region of the walls than towards the ends. This is consistent 
with the diagrams of edge restraint factors in BS EN1992-3 (2006). The 
greatest number of cracks formed between 15 and 45 % of the wall 
height above the base and between 35 and 75 % of the wall length from 
its end. For the tests presented here, a maximum of 5 cracks formed in 
any cell of the bottom row of the grid. The maximum number of cracks in 
a cell is 19 at 40 % of the wall height which is just below a height of 0.1L. 

Up to a height of 0.1L, which for the tested walls corresponds to 
between 40 % and 51 % of the wall height, C766 suggests the presence of 
the base slab generates a closing action on the cracks. Below this height, 
C766 suggests cracks will be narrower. Midway along the wall, imme-
diately above the base slab, the maximum crack width was 0.24 mm 
which is 60 % of the maximum measured crack width which occurred 
between 40 and 60 % of the wall height above the base. Fig. 6b suggests 
that the assumption of C766 that the maximum crack width occurs at a 
height of 0.1L above the base is reasonable even though cracks were 
relatively wide below that level. Fig. 6a shows that numerous short 
closely spaced fine cracks formed at the top of the wall. The cause of 
these cracks is uncertain but a possible explanation may lie in the con-
crete at the top of the pour being weak due to segregation. This com-
bined with internal restraint from the reinforcement is a possible cause 

of the cracking. It should be noted that at UoL, the test set-up did not 
allow visual monitoring of cracking at the top of the wall. 

3.3. Comparison of experimentally-observed and code-predicted cracking 
behaviour 

“Experimental” crack widths were calculated in each wall using the 
crack width calculation methods of C766 and BS EN1992 (Part 1 and 3) 
described in the introduction to this paper and detailed in Table 1. The 
material properties, shrinkage and early age temperature drop T1 from 
peak, used in the calculations were the experimentally derived ones 
given in Table 4. A restraint factor of R = 0.5 was adopted for calcula-
tions with BS EN 1992. The restrained strains used in the calculation of 
C766 crack width (depicted εr(t) (C766)) were taken from Table 5 at 
early age and Table 6 for the long term. The long term temperature drop 
T2 was taken as zero in the crack width calculations since there was no 
significant temperature differential between the wall and base. In crack 
width calculations to BS EN 1992-1-1 (2004), the free long term drying 
shrinkage was taken as that in the wall, unless stated otherwise, since 
the code defines the free strain as “the strain which would occur if the 
member was completely unrestrained”. In applying C766, the contri-
bution of long term drying shrinkage to the free strain was taken as the 
differential strain between the wall and base slab from the time of 
casting the wall. 

Maximum crack spacings sr,max were calculated in accordance with 
BS EN 1992-1-1 (2004) for each wall. The results are presented in 
Table 7 which shows sr,max calculated i) with equation 7.11 of BS EN 
1992-1-1 (2004) (C766) and ii) in accordance with the flow chart of 

Fig. 6. Heat maps showing a) crack occurrence and b) maximum crack width registered across all walls.  

Table 7 
Calculated crack spacing.  

Test BS EN 1992-1-1 (2004) 

sr,max (mm) Clause sr,max Eq. 7.11 (mm) 

ICL1 1690 7.3.4(5) 1013 
ICL2 1333 7.14 487 
ICL3 1333 7.14 487 
ICL4 1333 7.3.4(5) 1238 
ICL5 1333 7.3.4(5) 784 
ICL6 1333 7.3.4(5) 1059 
ICL7 1333 7.3.4(5) 669 
UoL1 1690 7.3.4(5) 784 
UoL2 1300 7.14 784 
UoL3 1300 7.14 (EA), 7.3.4(5) (LT) 784 
UoL4 1300 7.3.4(5) 1300 
UoL5 1300 7.3.4(5) 1300  
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Fig. 1 for bar spacings greater than 5(c + 0.5ϕ) (BS EN 1992-1-1 (2004)). 
The limit of 5(c + 0.5ϕ) was marginally exceeded in walls ICL2, ICL3, 
ICL5 and ICL7 and significantly in walls ICL4 and ICL7. Table 2 shows 
that walls ICL1, ICL4-ICL6, UoL1 and UoL4-UoL5 had less than the 
minimum area of horizontal reinforcement required by BS EN 1992-1-1 
(2004) but with the exception of UoL4 and UoL5, which had none, all 
the walls had more horizontal reinforcement than required by C766. In 
walls with either As,min below that given by equation (2) or horizontal 
bar spacing greater than 5(c + 0.5ϕ), sr,max = 1.3H according to BS EN 
1992-1-1 (2004). 

Table 8 shows crack widths calculated using C766 and BS EN 1992 
(2004) at early age and long term. For purposes of comparison, the crack 
widths in Table 8 were calculated with sr,max from equation 7.11 of BS 
EN 1992-1-1 (2004) with the exception of UoL4-5, without horizontal 
reinforcement, where sr,max = 1.3H. In C766, the crack width is not 
calculated at early age when the risk of cracking is below 1. In this case, 
the crack width is depicted “N/A”, whereas a long term value is provided 
in brackets if cracking is not predicted. 

Fig. 7 shows the measured and calculated development of crack 
width with time in walls ICL2, ICL4, ICL6 and ICL7. The influence of 
using the full, instead of differential, free shrinkage strain in the BS EN 
1992-1-1 (2004) crack width calculations is small for the tested walls. 
This is illustrated in Fig. 7 where “EN 1992 A” and “EN 1992 B” depict 
crack widths calculated with full and differential shrinkage respectively. 
Fig. 7 shows a steady increase in the calculated crack widths with time 
whereas the measured crack widths tend to increase in more discrete 
steps but this may be due to limitations in the resolution of the crack 
microscope. Calculating sr,max using the procedure given in Table 1, 
rather than equation 7.11, leads to an increase in crack spacing (see 
Table 7), and hence maximum crack width, of between 8 % and 174 %. 

Walls UoL1-2 and ICL1 did not crack. C766 correctly predicts UoL1 
and ICL1 not to crack but falsely predicts UoL2 to crack. In UoL2, the 
calculated restrained strain exceeds the C766 early age and long term 
tensile strain capacities by 80 % and 20 % respectively. C766 over-
estimates crack widths in ICL4 and UoL4-5 by between 50 % and 125 %. 
More concerningly, C766 underestimates the maximum long term crack 
width in walls ICL2, 3, 6, 7 and UoL3 by between 42 and 80 %. Un-
derestimation of crack width is particularly undesirable since it can lead 
to water leakage in water retaining and resisting structures. The un-
derestimate in crack width is particularly pronounced for walls ICL6 and 
ICL7 where early age cracking occurred. As shown in Table 2, the area of 
horizontal reinforcement provided in walls ICL6 and ICL7 satisfied the 
minimum requirements of C766. In ICL7, the minimum reinforcement 
requirement of BS EN1992 was also satisfied. 

The BS EN 1992-1-1 (2004) crack widths in Table 8, calculated with 
sr,max from Eq. 7.11, exceed all the measured crack widths, apart from 
ICL7, by mostly a wide margin. The overestimate in crack width is 
largely due to the experimental restraint factor being significantly less 

than the default value of 0.5 used in the BS EN 1992 calculations. This is 
evident in Table 9 which compares the experimental restraint factors 
(RF) with the equivalent factors used in C766. The restraint factors are 
compared at 3 days, first cracking and end of monitoring. The C766 RFs 
are composite ones calculated as RF = εr

εfree 
in which εr and εfree are the 

C766 restrained and free strains presented in Tables 5 and 6 at first 
cracking and end of monitoring. The experimental restraint factors are 
average values calculated over the central half of the wall at heights of 
0.08L and 0.125L. The measured and calculated maximum RF values are 
broadly similar at early age and first cracking for walls ICL1-5, UoL1 and 
UoL5. In walls ICL6-7 the measured long term RFs are significantly 
greater than calculated with C766 due to the effect of cracking as 
explained in Section 2.2. The measured RFs for UoL2 (which did not 
experience cracking) are also noticeably higher than given by C766 at 
both early-age and long term conditions, while for UoL3-4 the experi-
mental RFs fall below the predictions of C766. 

The discrepancies between the experimental and C766 RFs may in 
part be due to up to 28 % of T1 not being accounted for in the DEMEC 
readings and the peak temperature drop T1 not occurring at the height of 
0.1L where the RF is calculated in C766. 

3.4. Use of estimated temperatures in crack width calculation 

This section compares the measured temperature rises in the walls 
with those determined using the spreadsheet provided in C766. The 
inputs to the spreadsheet include the binder content (in kg/m3 of con-
crete), type (e.g. CEM1), pour thickness, placing and ambient temper-
atures, and type and thickness of insulation. Fig. 8 compares the 
measured and calculated values of T1. In all but one case, T1 is over-
predicted by C766, with a maximum overprediction of 62 % for ICL5. 

In light of the overestimate of temperature T1 by C766, crack widths 
were recalculated with C766 and BS EN1992 using default input pa-
rameters from each document. The aim is to provide insight into the 
effect of these on calculated crack width since detailed material and 
temperature data are not commonly available at the design stage. The 
following input parameters were adopted:  

• For indoor conditions the relative humidity was taken as either 50 % 
for BS EN 1992-1-1 (2004) or 45 % [4,9] for C766.  

• T1 was calculated with the C766 spreadsheet (see Fig. 8) [4].  
• The CTE was taken as 10 με/◦C for BS EN 1992-1-1 (2004) and in the 

case of C766, 9 με/◦C for limestone aggregate, 13 με/◦C for gravel 
and 12.5 με/◦C [4,9] for sandstone.  

• Concrete tensile strength and elastic modulus were calculated in 
terms of the measured 28 day concrete strength using Table 3.1 of BS 
EN 1992–1-1 (2004) [9].  

• Shrinkage as per BS EN 1992-1-1 (2004) 

Table 8 
Predicted crack width and cracking risk, and observed crack width.  

Test w (test) LT Predicted Crack Widths (mm) Cracking Risk (CIRIA C766) 

BS EN 1992-1-1 (2004) CIRIA C766 

sr,max EA LT sr,max EA LT EA LT 

ICL1 0 1013  0.16  0.26 1013 N/A N/A (0.05)  0.96  0.89 
ICL2 0.12 487  0.07  0.15 487 0.03 0.04  1.42  1.10 
ICL3 0.1 487  0.08  0.16 487 0.03 N/A (0.03)  1.30  0.93 
ICL4 0.04 1238  0.25  0.34 1238 0.09 0.10  1.26  1.14 
ICL5 0.06 784  0.15  0.23 784 0.06 0.07  1.48  1.21 
ICL6 0.38 1059  0.29  0.50 1059 0.15 0.22  2.23  2.48 
ICL7 0.4 669  0.15  0.30 669 0.08 0.13  2.14  2.57 
UoL1 0 784  0.11  0.15 784 N/A NA (0.01)  0.88  0.55 
UoL2 0 784  0.09  0.14 784 0.05 0.05  1.88  1.28 
UoL3 0.14 784  0.18  0.25 784 0.10 0.10  2.26  1.41 
UoL4 0.08 1300  0.23  0.38 1300 0.11 0.12  1.52  1.08 
UoL5 0.10 1300  0.33  0.58 1300 0.18 0.22  1.98  1.41  
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Fig. 9 compares the resulting measured and calculated crack widths. 
Dependent on whether the input parameters are measured or estimated, 
the resulting crack widths are depicted ‘experimental’, or ‘design’. Apart 
from the input parameters, the calculation method was unchanged. The 
crack spacing sr,max was calculated using equation 7.11. Fig. 9 shows 
that for all the walls except ICL6-7, the C766 crack widths increase when 
design rather than experimental input parameters are used. For BS EN 
1992, crack widths calculated with design material parameters are in 
some cases less than calculated using experimental parameters due to i) 
the design CTE being an underestimate and ii) shrinkage being under-
estimated by BS EN 1992. C766 underestimated crack widths in ICL2, 
ICL3, ICL6, ICL7 and UoL3 with both measured and design input pa-
rameters. This was despite the horizontal reinforcement complying with 
the minimum requirements of C766. When taken with the findings of 
[18], this suggests that the calculation approach of C766 may be overly 
optimistic particularly if cracking occurs at early age as in ICL6-7. BS EN 
1992 overestimates measured crack widths in all the walls apart from 

ICL6-7. The BS EN 1992 design prediction for ICL6 is good but the 
measured crack width is underestimated in ICL7. This is due to both the 
CTE and shrinkage strain being underestimated in the design 
calculation. 

4. Conclusions 

This paper compares maximum crack widths measured in 12 edge 
restrained walls with crack widths calculated with BS EN 1992 and 
C766. Seven of the walls were tested at ICL and five at UoL. The 
experimentally observed maximum restrained strain and maximum 
crack width occurred at a height of around 0.1L, where L is the wall 
length, above the base as suggested in C766. At ICL, the experimentally 
derived maximum RFs are similar to those calculated with C766 at early 
age and at first cracking. In walls which cracked significantly like ICL2, 
ICL6-7 the long-term RFs at the end of monitoring were significantly 
greater than at first cracking due to the inclusion of crack width in the 

Fig. 7. Measured experimental crack width compared to guidance prediction.  

Table 9 
RF at EA and in the LT according to C766 and measured values.  

Wall Rj(C766) =
AoldEold

AnewEnew + AoldEold 

RF C766 at a height of 10%L including creep effects RF measured heights of 8%L / 12.5%L 

3 days LT 3 days 1st cracking LT 3 days 1st cracking LT 

ICL1  0.54  0.45  0.27  –  0.25 0.29/0.32 – 0.27/0.29 
ICL2  0.60  0.51  0.30  0.28  0.25 0.25/0.16 0.27/0.18 0.47/0.37 
ICL3  0.60  0.51  0.30  0.27  0.29 0.27/0.15 0.27/0.15 0.33/0.24 
ICL4  0.60  0.51  0.30  0.28  0.28 0.30/0.12 0.29/0.12 0.29/0.14 
ICL5  0.60  0.51  0.30  0.28  0.28 0.29/0.12 0.30/0.16 0.29/0.18 
ICL6  0.68  0.60  0.34  0.34  0.30 0.46/0.43 0.38/0.18 0.60/0.60 
ICL7  0.68  0.60  0.34  0.34  0.29 0.42/0.40 0.31/0.19 0.54/0.53 
UoL1  0.54  0.45  0.27  –  0.25 0.54/0.64 – 0.27/0.17 
UoL2  0.70  0.62  0.37  –  0.34 0.48/0.72 – 0.58/0.68 
UoL3  0.70  0.62  0.37  0.33  0.34 0.59/0.61 0.27/0.27 0.22/0.21 
UoL4  0.70  0.62  0.37  0.32  0.34 0.53/0.47 0.26/0.26 0.11/0.14 
UoL5  0.70  0.62  0.37  0.33  0.33 0.36/0.30 0.40/0.35 0.59/0.54  

K. El Khoury et al.                                                                                                                                                                                                                              



Structures 55 (2023) 1447–1459

1458

calculation of restrained strain. At first cracking the experimentally 
determined RF in most walls was typically around 0.3 which is less than 
the default value of 0.5 adopted in BS EN 1992-3 (2006). 

Nine of the walls cracked within the monitoring period. Walls ICL6-7 
cracked at early age within 12 h of stripping the formwork. The early age 
cracks were widely spaced, through cracks. In ICL7, the width of the 
initial crack increased from 0.04 mm at first measurement to 0.40 mm at 
end of monitoring at 113 days. Over time, further cracking developed in 
ICL6-7. These cracks were relatively narrow and short in length. In the 
other walls, cracking occurred between 7 and 50 days after stripping the 
formwork due restraint of combined early age thermal and shrinkage 
strain. These cracks tended to develop in short unconnected lengths, 
which subsequently joined forming wider cracks that extended over the 
wall height. 

Crack widths were initially calculated using measured material 
properties and temperature drop T1. BS EN 1992 provided an upper- 
bound to the measured crack widths for all the walls, apart from ICL7, 
while CIRIA C766 underestimated the maximum crack widths in five of 
the 12 walls. The underestimate ranged between 42 and 80 % and was 
greatest for walls ICL6-7 where early age cracking developed within 12 h 
of stripping the formwork. 

The temperature drop, T1, predicted by C766 was compared with the 
maximum measured temperature drop for each wall and found to be up 

to 62 % higher than measured. Crack widths were recalculated with 
both C766 and BS EN 1992 using design material properties, derived 
from the measured 28 day concrete strength, and T1 from C766. These 
crack widths, depicted “design” were typically greater than calculated 
using measured input parameters. The design C766 crack widths were 
less than the maximum measured crack widths in walls ICL2, ICL3, ICL6, 
ICL7 and UoL3. The underestimate in calculated crack width does not 
appear to be related to the reduction of minimum reinforcement area in 
C766 since the horizontal reinforcement in walls ICL2, ICL3 and ICL7 
complied with the more onerous requirements of BS EN 1992-1-1 (2004) 
by a significant margin. BS EN 1992 gave conservative estimates of crack 
width in all the walls except ICL7. In conclusion, the use of C766 may 
pose a risk of underestimating maximum crack width. The reasons for 
this are the subject of ongoing research. 
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