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Surface defects and cracks in early-age concrete slabs have been observed to propagate under adverse conditions,

impairing the performance and service life of these structures. However, the underlying mechanism of this form of

crack propagation has remained largely unexplained, with very limited literature available. In this paper, simple yet

sufficiently rigorous theoretical analyses of crack propagation in early-age concrete slabs, based on combined

geotechnical engineering and fracture mechanics models, are presented. The results obtained clearly show how

surface cracks can become unstable and propagate further, and either become stable again or develop through the

full depth of the slab. They also convincingly demonstrate the roles of surface cracks and defects, pore moisture

suctions and exposure conditions in this process. Importantly, the critical role of good construction practices in

minimising this form of cracking is highlighted. These include proper compaction and effective curing as well as

timely and adequate saw-cutting.

Notation
D depth of desiccation (m)

E Young’s modulus of concrete for normal stress (Pa)

GF fracture energy (J/m2)

g exponent of suction profile

H Young’s modulus of concrete for pore moisture pressure

and suction (Pa)

K stress intensity factor (N/m3=2)

Kcr fracture toughness for mode I cracking (N/m3=2)

uw pore moisture pressure (Pa)

Z depth below surface of slab (m)

ªd unit weight of desiccated concrete (N/m3)

ªs unit weight of saturated concrete (N/m3)

ªw unit weight of pore moisture (N/m3)

�X horizontal strain perpendicular to crack

� Poisson’s ratio of concrete

�X horizontal normal stress perpendicular to crack (Pa)

�Y horizontal normal stress parallel to crack (Pa)

�Z vertical normal stress (Pa)

�0 suction at surface of slab (Pa)

�Z suction at depth Z below surface of slab (Pa)

Introduction
Surface defects and cracks may already exist or may develop in

concrete slabs at ages from several hours after casting, especially

when best construction practices for compaction and curing are

not followed. These cracks may subsequently propagate to greater

depths and, in extreme cases, extend completely through the

thickness of the slab. This may seriously compromise the per-

formance and service life of affected structures, resulting in

possible severe economic consequences. It is therefore important

that the underlying mechanisms of crack formation and propaga-

tion in early-age concrete, together with the critical factors

influencing them, be well understood.

Unfortunately, in contrast to the relatively extensive publications

on the crack formation mechanism (Cohen et al., 1990; Dao,

2007; Morris and Dux, 2005a), the literature on crack propaga-

tion in early-age concrete and the factors influencing it is very

limited. Morris and Dux (2003) appear to have first considered

this for the case of linear suction profiles in semi-infinite slabs.

While it can be argued that the mechanism for crack propagation

in mature concrete (Hillerborg et al., 1976; Bazant, 2002) might

be applicable for concrete at very early ages, this approach does

not readily highlight the factors affecting the propagation process.

An alternative approach that clearly demonstrates these influ-

encing factors would help ensure their proactive and effective

control, and thus minimise the likelihood of undesirable crack

propagation.

This paper presents simple yet sufficiently rigorous theoretical

analyses of crack propagation in concrete slabs at very early ages,

based on combined geotechnical engineering and fracture mech-

anics models. The results obtained are used to show how initially

shallow surface cracks can become unstable and propagate

further, and either become stable again or develop through the

full depth of the slab. The roles of surface cracks and defects,
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pore moisture suctions and exposure conditions in crack propaga-

tion are also demonstrated. The critical role of good construction

practices for compaction and curing in minimising this form of

cracking is emphatically highlighted.

Solutions for crack depth

Application of linear elastic fracture mechanics

Cracks in early-age concrete tend to propagate by opening along

their own axes and are often essentially planar over significant

distances relative to the depth of the crack. In terms of the three

fundamental modes of fracture mechanics (Figure 1), they are

thus mode I cracks. In contrast, modes II and III respectively

involve in-plane shearing and transverse tearing of the crack

surfaces. The following analyses consider only a single mode I

vertical crack in plane strain (Figure 2). The crack is assumed to

propagate downwards from the surface of the concrete without

interacting with other, similar cracks. In addition, the possible

dynamic nature of crack propagation is not considered.

Within the limitations of linear elastic fracture mechanics

(LEFM), the crack depth for a given loading and geometry can

be determined by simply equating the calculated stress intensity

factor K (which is a function of the crack geometry and the stress

distribution within the concrete) to a critical value Kcr, the

fracture toughness (which is a function of several material

parameters). Numerous solutions are available for simple stress

distributions and crack geometries, and the rules for combining

them are well known (Meguid, 1989; Wu and Carlsson, 1991).

Here, stress intensity factors are calculated using the very

versatile weight function method (Bueckner, 1970; Rice, 1972;

Wu and Carlsson, 1991).

Strictly speaking, LEFM is applicable only to relatively large

concrete structures in which the effect of the non-linear fracture

process zone in front of the crack tip can be neglected (Bazant,

2002; Dao, 2007). However, any deviation of LEFM-based

solutions from their true values can be accounted for by adjusting

the corresponding values of Kcr (Morris et al., 1994; Petersson,

1980). This approach has been used successfully for materials as

ductile as mild steel (Orowan, 1955). The solutions presented

here are thus at least semi-qualitatively valid.

Stresses in cracked plastic concrete

To determine crack depths using the weight function method, it is

first necessary to calculate the stresses in the early-age concrete

adjacent to the crack. The approach adopted here was to invoke

Bueckner’s principle (Bueckner, 1958), which states that the

stress intensity factor for a stress-free crack (i.e. one with no

loads on the crack faces) in a loaded body is identical to that for

the same crack loaded internally with the stresses required to

produce zero relative strain at the crack faces under the original

loading. Since, in the simplified fracture mechanics model

adopted, cracks are assumed to be stress-free, the problem of

calculating the stresses adjacent to the crack is thus reduced to

calculating the stresses at the crack location in an equivalent

uncracked body.

Bueckner’s principle, however, is inapplicable to problems in

which the crack affects potential distributions, for example, a

crack that is parallel to the initial direction of pore moisture flow

(Morris et al., 1994). Consequently, it is applicable to cracks in

early-age concrete only if the cracks do not significantly affect

the distribution of suctions (or pore moisture pressures) therein.

The following analyses consider concrete slabs in which suctions

are functions only of the depth below the slab surface. In real

slabs, evaporation and flow of pore moisture from the crack faces

as well as normal variability may cause the suctions to vary in

plan as well as with depth.

Total stresses are considered and all stresses and pressures –

including suctions – are based on the atmospheric datum (i.e.

Mode I
Tensile opening

Mode II
In-plane shear

Mode III
Anti-plane shear

Figure 1. Basic modes of cracking

Limit of desiccation

Surface crack

A

D

Z

Concrete
slab

X

Figure 2. Definition sketch of concrete slab
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atmospheric pressure is taken as zero) (Morris and Dux, 2005b).

The usual convention of geotechnical engineering is followed;

that is, compressive interparticle stresses and pore pressures are

taken as positive. However, although suctions are negative pore

pressures, for convenience they too are taken as numerically

positive. No distinction is drawn between the effects of matric

and osmotic suctions, although the effects of the latter in early-

age concrete appear negligible (Dao et al., 2011).

The following also apply.

j Desiccation due to hydration and the associated matric

suction are, unless noted otherwise, assumed negligible.

j The stress due to pore moisture suction is equal to the

suction. This assumption is correct only if the concrete is

saturated or almost saturated (Morris and Dux, 2006). It is

not, however, critical to the outcome of the analyses.

j The concrete is isotropic and elastic and remains so even if

the strains are forced to be one-dimensional.

The horizontal strain perpendicular to the crack (Figure 2) is then

given by (Morris et al., 1992)

�X ¼
� X

E
� �

E
(� Y þ � Z)� uw

H1:

Separate Young’s moduli are defined in Equation 1 for the

responses of the early-age concrete to normal stresses and to pore

moisture pressures and suctions because it has not yet been

established that a single modulus is sufficient (Morris et al.,

1992). If the concrete reacts in the same way to normal stresses

and the essentially isotropic pore moisture pressures and suctions

(Morris et al., 1992) then

E

H
¼ 1� 2�2:

Prior to cracking, the stresses and strains in the concrete are

essentially one-dimensional. That is, the normal stresses perpen-

dicular and parallel to the crack are equal and the corresponding

strains are both zero. Combining Equations 1 and 2 then gives

� X ¼
�

1� �

� �
� Z þ

1� 2�

1� �

� �
uw

3:

For depths less than the depth of desiccation (at which, by

definition, the suction is zero), Equation 3 becomes

� X ¼
�

1� �

� �
ªdZ � 1� 2�

1� �

� �
�Z

4:

For depths greater than the depth of desiccation, Equation 3

becomes

� X ¼
�

1� �

� �
[ªdDþ ªs(Z � D)]

� 1� 2�

1� �

� �
ªw(Z � D)

5:

Suction profiles

The suction profiles that develop in initially saturated concrete

desiccating monotonically from an exposed surface can be

represented by Equation 6 for depths less than the depth of

desiccation and Equation 7 below the depth of desiccation

(Morris and Dux, 2005b)

�Z ¼ �0 1� Z

D

� �g

6:

�Z ¼ �ªw(Z � D)7:

The exponent g in Equation 6 may range from zero to infinity

(Figure 3). Values of g of 0, 1, 2, 3 and 4 correspond to a

uniform, linear, quadratic, cubic and quartic suction profile

respectively. A g value of infinity corresponds to the limiting

profile with a finite suction value at the exposed surface of the

concrete and zero suction over the remainder of the profile. The

lower the exponent g, the more severe the exposure condition.

1·0
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0·4

0·2

0
0 0·2 0·4 0·6 0·8 1·0
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Figure 3. Suction profiles above depth of desiccation
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The uniform profile (g ¼ 0) represents low-slump (45 � 10 mm)

concrete that is desiccated both prior to and immediately follow-

ing placement, before evaporation from the exposed upper surface

becomes significant. Such concretes are often used in highway

slabs to minimise the requirement for formwork (Kim et al.,

2014).

The concave quartic suction profile (g ¼ 4) is considered to best

represent concrete with a normal slump that was initially

effectively fully saturated and is desiccating from its upper

surface (Benson and Sill, 1991; Wong, 2007).

If the surface of the slab is fully desiccated, the suction at the

surface equals atmospheric suction, while the matric suction at

the depth of desiccation equals zero, corresponding to 100%

saturation. Below the depth of desiccation, the pore pressure (a

negative suction) is hydrostatic.

Variation of stress intensity factor with depth

Analytical expressions for the stress intensity factor K as a

function of crack depth have been obtained for finite and semi-

infinite slabs for crack depths both less than and greater than the

depth of desiccation. The expressions for semi-infinite slabs for

crack depths greater than the depth of desiccation and for all

finite slabs are much too lengthy to present here. However, it will

be shown later in the paper that the corresponding graphical

solutions to special cases presented in Figures 4 to 10 can be

used to obtain solutions for a wide range of input values.

The expressions for semi-infinite slabs for crack depths less than

the depth of desiccation (Figure 2) are, however, relatively

simple. Those for uniform, linear and concave quartic suction

profiles (Figure 3) are given by Equations 8, 9 and 10 respec-

tively

K ¼ 1:9878
1� 2�

1� �

� �
�0A0:5� 1:2088

�

1� �

� �
ªdA1:5

8:

K ¼ 1:9878
1� 2�

1� �

� �
�0A0:5

� 1:2088
1� 2�

1� �

� �
4�0

D
þ �

1� �

� �
ªd

" #
A1:5

9:
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Figure 4. Variation of K with crack depth for uniform suction of

0.5 MPa over full depth of slab
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Figure 5. Variation of K with crack depth for concave quartic

suction profile over uppermost 2 mm depth of slab and 5 MPa
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K ¼ 1:9878
1� 2�

1� �

� �
�0A0:5

� 1:2088
1� 2�

1� �

� �
4�0

D
þ �

1� �

� �
ªd

" #
A1:5

þ 5:5778
1� 2�

1� �

� �
�0

D2
A2:5

� 3:1195
1� 2�

1� �

� �
�0

D3
A3:5

þ 0:6840
1� 2�

1� �

� �
�0

D4
A4:5

10:

Fracture toughness

The critical stress intensity factor Kcr is termed the fracture

toughness. For cracking in plane strain it is given by (Meguid,

1989; Irwin, 1957)

Kcr ¼
2GFE

1� �2

� �0:5

11:

Input parameter values

The primary input parameters required to determine crack depths

using the equations presented above are the fracture toughness
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Figure 7. Variation of K with crack depth for concave quartic

suction profile over uppermost 10 mm depth of slab and 5 MPa

suction at surface
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Figure 8. Variation of K with crack depth for concave cubic

suction profile over uppermost 6 mm depth of slab and 5 MPa
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Figure 10. Variation of K with crack depth for linear suction

profile over uppermost 6 mm depth of slab and 5 MPa suction at
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and Poisson’s ratio of early-age concrete, the bulk densities of

saturated and desiccated concrete and of the pore moisture, the

suction at the surface of the concrete and the depth of desicca-

tion.

j The fracture toughness can be estimated using Equation 11

and existing data for Young’s modulus, Poisson’s ratio and the

fracture energy of early-age concrete (Dao, 2007). It has been

shown in tensile strength tests that the Young’s modulus of

concrete increases from zero at the start of mixing to about

600 MPa after 6.5 h (Dao et al., 2009). Values up 28 000 MPa

(Kovler, 1994; Oluokun et al., 1991) have been recorded at

12 h. The Young’s modulus of cement paste varies from zero

to 10 MPa at 8 h (Boumiz et al., 1996).

j Poisson’s ratio of concrete decreases from 0.5 immediately

after mixing to about 0.2 when the degree of hydration

reaches 10% (De Schutter and Taerwe, 1996; Oluokun et al.,

1991; Ouldhammou et al., 1990). Poisson’s ratio of early-age

cement pastes similarly varies from 0.49 to 0.28 (Boumiz et

al., 1996).

j The fracture energy of early-age concrete increases over time

from zero initially to about 80 J/m2 at 6.5 h after mixing

(Dao et al., 2009). The fracture energy of cement mortars at

ages 2.2–6.4 h assumes a similar range of values (Morris and

Dux, 2005b).

On the basis of the foregoing, representative values of 70 MPa,

0.30 and 16 J/m2 were adopted for Young’s modulus, Poisson’s

ratio and the fracture energy of early-age concrete respectively.

These three values together correspond to a fracture toughness of

approximately 50 kN/m3=2 (Equation 11). This is comparable to

the fracture toughness of mature concrete, which is typically in

the range 50–100 kN/m3=2 (Bosco et al., 1990; Carpinteri, 1981;

Crisfield, 1986).

In the absence of experimental data on the effects of desiccation

on the density of early-age concrete, a value of 23 kN/m3 was

used for both saturated and unsaturated concrete. The density of

the pore moisture was taken to be 10 kN/m3:

The solutions for crack depth were based on values for the

suction at the surface of the concrete of 0.5 MPa and 5 MPa for

low-slump and normal-slump concrete respectively. These suction

values are based on limited but reasonably representative labora-

tory data obtained using a pychrometer and a leaf hygrometer. At

208C, they correspond to relative humidities in the pores in the

concrete of 99.6% and 96.4% respectively (Morris and Dux,

2005b; Philip, 1957). They are significantly lower than typical

atmospheric suctions, which can readily reach values approaching

100 MPa or even higher (Morris and Dux, 2005b, 2006).

Depths of desiccation of 2, 6 and 10 mm were considered. For

initially saturated concrete with a representative void ratio

(volume of voids divided by volume of solids) of 0.2 and an

evaporation rate of 1 (kg/m2)/h (ACI, 2001), these values corre-

spond to delays of 20, 60 and 100 min following the evaporation

of the last of the bleed water, if any, to empty the voids

completely. The time taken for the surface concrete to become

only partially saturated would be significantly less.

Solutions for crack propagation in early-age
concrete
The solutions for crack depth based on the foregoing analyses are

presented in Figures 4 to 10 for slabs ranging in thickness from

100 mm to 1200 mm. The solutions are presented and discussed

in terms of the representative values of fracture toughness

(50 kN/m3=2) and surface suctions (0.5 MPa and 5 MPa) nomi-

nated above.

In Figures 4 to 10, the critical condition required for cracking is

represented by the vertical dotted line of fracture toughness Kcr

j cracks with depths that have a corresponding stress intensity

factor K less than Kcr of 50 kN/m3=2 will remain stable

j cracks with depths having corresponding K greater than Kcr

will be unstable and will propagate.

Solutions for uniform suction profile

Figure 4 shows the solutions for a stress intensity factor

corresponding to a uniform suction of 0.5 MPa over the full depth

of the slab, which, as noted earlier, represents a low-slump

concrete for highway slabs immediately after placing. For all

slabs, the stress intensity factor increases monotonically with

increasing crack depth.

It can be readily observed that cracks and pre-existing defects

with depths of less than about 8 mm have corresponding K values

less than Kcr and will thus remain stable. Deeper cracks will

propagate through the full thickness of the slab.

Solutions for concave quartic suction profiles

Figures 5–7 show the solutions for crack depth corresponding to

concave quartic suction profiles (g ¼ 4 in Figure 3) with 5 MPa

surface suction and depths of desiccation of 2, 6 and 10 mm

respectively. As noted earlier, these profiles represent normal-

slump concrete that is allowed to desiccate from the exposed

surface after placing. Unlike the stress intensity factors in the

case of a uniform suction profile (Figure 4), those in Figures 5–7

do not increase monotonically with crack depth. Comparison of

the three figures shows that, although the overall form of the

solutions does not change, the crack depths increase with increas-

ing depth of desiccation.

Figure 5 indicates that for a depth of desiccation of 2 mm and the

other input values considered, the stress intensity factor of surface

defects approximately 0.1 mm in depth exceeds the fracture tough-

ness. Consequently, surface defects of that size or slightly larger

will propagate. For all slabs, however, the stress intensity factor

falls below the critical value Kcr of 50 kN/m3=2 for cracks deeper

than approximately 1.5 mm. Crack propagation consequently stops
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at this depth and will not resume unless either the surface suction or

the depth of desiccation increases. However, the stress intensity

factor for the 100 mm slab again exceeds the fracture toughness for

surface defects that are 61 mm or deeper. Any of the latter will thus

propagate through the full depth of the slab. Deeper cracks or

defects are necessary to produce the same result in thicker slabs.

The solutions for depths of desiccation of 6 mm and 10 mm

(Figures 6 and 7) are similar to those for the 2 mm depth (Figure

5). Very small surface defects can, however, propagate through

the full thickness of the 100 mm slab for a desiccation depth of

6 mm (Figure 6) and through both the 100 mm and 150 mm slabs

for a depth of desiccation of 10 mm (Figure 7).

Solutions for other suction profiles

Figures 8–10 show the solutions for crack depth for concave

cubic, concave quadratic and linear suction profiles (which

correspond to g values of 3, 2 and 1 respectively (Figure 3)) with

5 MPa suction at the surface and a depth of desiccation of 6 mm

in all cases. As noted earlier, a lower value of g corresponds to a

more severe exposure condition. It can be seen that, as the profile

changes from concave quartic (Figure 6) to concave cubic,

quadratic and linear (Figures 8–10), the overall form of the

solutions is unchanged, but the crack depths corresponding to a

given stress intensity factor increase progressively.

Accounting for variations in input parameters

The effect on the solutions of surface suction values other than

the 0.5 MPa and 5 MPa used to plot Figures 4–10 can be

accounted for as follows. In the figures, the solutions for semi-

infinite slabs do not differ significantly from the corresponding

solutions for the 1200 mm slabs, which, for the input variables

considered can thus be considered effectively semi-infinite. For

the 1200 mm slabs, the maximum vertical stress due to the self-

weight of the concrete is approximately 28 kPa, which corre-

sponds to only 5.5% and 0.6% respectively of the 0.5 MPa and

5 MPa surface suctions considered. That is, for any realistic depth

of desiccation, the solutions for crack depth are dominated by the

surface suction values. The fracture toughness is thus, to a good

approximation, directly proportional to the surface suction (Equa-

tions 8–10) and the effect of varying the latter can thus be

determined simply by varying the fracture toughness scales in

Figures 4–10 in linear proportion. The effect on the solutions

shown in Figures 4–10 of varying the fracture toughness can be

determined simply by relocating the fracture toughness lines

accordingly.

Variations of the depth of desiccation in the solutions plotted in

Figures 5–10 cannot be accounted for by simple graphical

methods; it is necessary to produce a new plot in each case. (The

depth of desiccation is not a variable in the solutions shown in

Figure 4.) However, Figures 5–7, which show the solutions for

the concave quartic suction profile (the most likely to be

encountered in practice), cover the range of depth of desiccation

(2–10 mm) likely to arise in practice. Figures 8–10, which are

all plotted for a depth of desiccation of 6 mm only, correspond to

less likely desiccation profiles.

Discussion
Close examination of the solutions presented in Figures 4–10

shows the following.

(a) The more adverse the exposure condition, the more severe

the consequences.

(i) For the 150 mm thick slabs in Figures 5–7, surface

defects of 5 mm depth are stable for a depth of

desiccation of 2 mm (Figure 5) but would propagate to a

depth of about 10 mm for an increased depth of

desiccation of 6 mm (Figure 6). When the depth of

desiccation becomes 10 mm due to an even higher rate of

surface evaporation of water under more severe exposure

conditions (Figure 7), any small surface defects would

trigger full-depth cracking, resulting in serious random

cracking.

(ii) Considering the 300 mm thick slabs in Figures 6 and 10:

for the case of a concave quartic suction profile (g ¼ 4)

(Figure 6), surface defects deeper than 10 mm are

associated with K , Kcr and are thus stable. Any

shallower surface defect would propagate but be arrested

at this stable depth of 10 mm. However, under the more

adverse condition of a linear suction profile (g ¼ 1)

(Figure 10), any surface defect is unstable and would

propagate to full depth.

(b) The deeper the surface cracks/defects, the more severe the

consequences.

(i) Taking the 150 mm thick slab in Figure 6 as an

illustration, shallow surface defects would propagate to a

depth of about 10 mm and then stabilise. They may also

extend along the surface but would not grow deeper.

Defects of between 10 mm and 50 mm depth would also

be stable for this slab under the given conditions.

However, defects deeper than about 50 mm would

develop into full-depth cracks.

(ii) This has important implications for sawn joints, which

are essentially purposely introduced surface cracks at

pre-determined locations to minimise undesirable random

cracking: the sawn joints have to be deeper than other

existing surface defects to ensure crack propagation

would occur at these joints but not elsewhere.

The above discussion clearly highlights the critical role of good

construction practices, including

j proper compaction to minimise the size and amount of

surface defects

j effective curing to protect the concrete surface from adverse

exposure conditions and to promote optimal hydration (and

hence a desirable increased Kcr)

j timely and sufficiently deep saw-cutting to create dominant
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defects so that cracking with associated stress relief occurs as

planned.

Summary and conclusions
Simple yet sufficiently rigorous analytical and graphical solutions

for the depth of cracking in desiccating early-age concrete slabs

have been presented. These solutions have then been applied to

explain how surface cracks in early-age concrete can become

unstable and propagate further, and either become stable again or

develop through the full depth of the slab.

Simple methods have also been presented that enable the

graphical solutions to be adapted to account for different values

of surface suction and critical fracture toughness. No such

adjustments can account for variations in the pore moisture

suction profile or the depth of the desiccated layer at the exposed

surface of the concrete, but the plots presented cover the whole

range of these parameters likely to be encountered in practice.

This paper clarifies the effects of surface cracks/defects, pore

moisture suctions and exposure conditions in this process.

Importantly, the critical role of good construction practices is

clearly highlighted, including proper compaction, effective curing,

and timely and adequate saw-cutting.
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WHAT DO YOU THINK?

To discuss this paper, please submit up to 500 words to

the editor at journals@ice.org.uk. Your contribution will

be forwarded to the author(s) for a reply and, if

considered appropriate by the editorial panel, will be

published as a discussion in a future issue of the journal.
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