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Abstract

The non-destructive assessment of cracks in concrete is a common task for which non-destructive evaluation solutions have

been published. Primarily, these tests have been carried out on artificial cracks that have been created by using notches instead

of natural cracks. This study evaluates a procedure designed to create reproducible and controlled cracks in concrete. The

procedure is based on using expanding mortar in a series of blind holes. This is done in combination with carefully aligned

reinforcement to guide the direction of the crack development. The depth of the crack is also controlled by reinforcement.

Crack depth varies statistically in the range of the maximum aggregate size (16 mm) used for concrete.

Keywords Non-destructive testing of concrete · Cracks · Reference specimen

1 Introduction

Concrete is used all over the world to build a large variety

of structures like houses, bridges, roads, dams and founda-

tions. It is the most widely used material in the world [1]

and can be produced from local materials that are avail-

able everywhere. The positive performance of concrete has

led to the design and construction of worldwide recognized

landmark structures. The combination of concrete with steel

and post-tensioning (PT) enables architects and engineers to

design and construct very tall concrete structures or long span

bridges.

Concrete is a very durable material and can withstand large

loads over a time period of many decades. Deterioration pro-

cesses, which affect the durability initiate with depassivation

of reinforcement by carbonation or chloride diffusion, can

lead to corrosion of the rebars. Such processes depend on

the resistance of the concrete material to the transport of

ions, moisture, and gases such as carbon dioxide. The den-

sity of concrete against permeation of gases and liquids and
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the required pH value represent an effective shield against

these attacks [2]. However, the presence of cracks can destroy

this protection because the transport along the cracks is very

effective and fast. Design specifications ensure that the con-

crete quality and the tolerated crack opening width meet

the requirements. For the inspection of concrete structures,

among a variety of test tasks [3], crack measurement is one

of the most important ones.

Cracks are natural features in concrete that can vary over

a large range of sizes and be formed in different shapes [4].

On a small scale, microcracks may be invisible to the human

eye; they may form between cement matrix and aggregates

or within the cementitious material. They are mainly caused

by mechanical stresses or due to chemical reactions, vibra-

tions, freeze–thaw, or temperature effects. While affecting

the mechanical material properties of concrete, these micro-

cracks will also lower the resistance against the transport

processes described above, especially when they connect and

form larger cracks.

Per definition, a crack is a break without a complete sep-

aration of parts. Crack direction, depth, shape, and surface

opening are parameters that characterize a crack and have to

be controlled in the process of initiating a crack of predefined

properties. The crack depth is the main property which deter-

mines the durability of a reinforced concrete (RC) structure

because it reduces the carbonation protection of the rein-

forcing steel. The definition of a crack’s depth in concrete

is particularly difficult because of its transition into the pore

structure and interfaces between aggregates and cementitious
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matrix. There can also be contacts between the crack flanks,

while further down the crack opens again. The deep part of

the crack, which allows the diffusion of moisture, carbon

dioxide, and chlorides is the determining factor for the dura-

bility.

According to standards, cracks which have an opening

width of less than 0.2 mm [5] are tolerated, e.g. for bridges

in Germany. Larger cracks may reduce the corrosion pro-

tection for reinforcement dramatically when their extension

reaches these steel elements. Engineers evaluate the crack

pattern and decide if actions have to be taken. Dye injection

into existing cracks and coring are both common practice

used to establish the ground truth [6]. A more complete pen-

etration is achieved by vacuum intrusion [2], especially when

using fluorescence dye under ultraviolet excitation. In either

situation, the crack depth is determined visually. An experi-

enced person can follow the crack and define the crack depth.

Petrographic Methods [7] for crack evaluation in concrete are

highly developed and used regularly on samples in laborato-

ries.

Alternatively, non-destructive test methods can be used to

evaluate the crack instead of destructive methods. Typically,

non-destructive research is conducted on notches as represen-

tatives of cracks. While these studies are of high importance

for development of reliable nondestructive Evaluation (NDE)

solutions, the comparability of NDE results from obtained

from a notch as opposed to NDE results obtained from a

naturally-occurring crack is difficult.

Non-destructive test methods for crack assessment focus

on crack depth measurements, a property which is not very

well defined. Typically, a natural crack in concrete is of a

three-dimensional irregular shape that can change directions

and orientation. In addition, cracks can be bridged by aggre-

gates or closed without bonding. There is no reference crack

available which could be created and utilized in any labora-

tory.

This study describes the procedure for creating a specific

type of crack in a concrete specimen with predefined prop-

erties. The crack should be visible at the surface with an

opening of 0.2 mm and its orientation has to be perpendic-

ular into the body of the specimen. The shape of the crack

should be as planar as possible and the crack depth should

have little variation along its length.

2 Non-destructive Testing (NDT) of Cracks
in Concrete

Crack detection in reinforced concrete has been a consistent

subject of research and various methods have been investi-

gated for crack detection. Particularly promising are methods

for crack detection using acoustic methods, which can be

classified as follows: resonance methods, ultrasound-pulse

methods, the surface wave method and the acoustic emission

method [8]. Especially promising are impact echo and ultra-

sonic pulse (echo or transmission) methods which seem to

have the potential of crack depth determination.

In general, different wave types and different methods are

used for determining the crack depth. The following meth-

ods are widely used: Time of Flight Diffraction (TOFD),

nonlinear mixing of ultrasound coda waves, and Total Focus-

ing Method (TFM) [9]. The transient elastic waves method

allows for the creation of a three-dimensional image of the

crack [10].

TOFD is based on a simple geometrical model and its

application is relatively uncomplicated. TOFD or diffrac-

tion time measurement is based on the elapsed time of the

diffracted sound wave around the crack tip. The depth of

the crack is determined through the propagation time of the

diffracted signals. TOFD was primarily used in steel, espe-

cially for the inspection of welded beams, but can also be

used in other materials according to DIN EN 583-6 [11].

The advantages of the method are: only one-sided access nec-

essary, the possibility of variable arrangements (transducer,

angle of impacting) and the time required for the measure-

ment as well as the ability of calculation of the crack depth.

Some disadvantages of the method are: the presence of “dead

zones” (surface, back wall) in accordance with DIN EN 583-

6 [11], which can conceal the signals associated with the

respective crack, and the difficult distinction between mate-

rial inhomogeneity and a crack.

The impact echo method is usually applied for the detec-

tion of cracks oriented parallel to the surface (such as

delaminations) and also for surface-opening cracks in rein-

forced concrete, which run mostly vertical to the surface [12].

Cracks can also be detected by observing changes in the

signal amplitude or energy, while the depth of the crack

remains unknown [13, 14]. In the experiment reported in [13],

real cracks were generated by applying mechanical force with

a hammer.

Another study has shown that the depth of crack can be

approximated using ultrasound pulses. In this study, a depth

of approximately 20% higher than the actual depth has been

measured for cracks with a crack width of 0.2–10 mm [15].

One study [16] investigated real cracks and notches, in

addition sound bridges were inserted to create a more realistic

test scenario. The verification of the results was carried out

destructively.

The ultrasonic echo method has also been used to inves-

tigate the differences between the detection of empty and

repaired cracks [17].

A computational intense data analysis method is Reverse

Time Migration (RTM) which can be used to visualize cracks.

Reverse Time Migration (RTM) was developed for geo-

physics [18] and is adapted for concrete applications. In

this method, the following steps are carried out: selection
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of a speed model for the component, forward modeling of

a wave field, reverse propagation of the data and superpo-

sition of the data from the first two steps by means of a

cross correlation. An advantage of this method is the poten-

tial to localize boundary surfaces of arbitrary orientation,

lower edges of inhomogeneities, and inclined reflectors by

means of multiple reflections. A disadvantage of the method

is an enormously high computing power and large memory

requirement. A further disadvantage is a poor imaging of

lower edges, such as the underside of a hole.

Radiography is a non-destructive test method used to

determine crack properties and visualize them in 3D using

Computed Tomography [2, 19]. However, for practical and

technical reasons, the sample size for such experiments may

be very small and this technique cannot be used for larger

specimens or outside the laboratory.

3 Principle of Crack Creation

Cracks in concrete can be initiated in many different ways,

but the challenge is to create cracks of reproducible quanti-

ties which are stable and do not change over time. The forces

which cause concrete to crack must be controlled in a way

that the crack opens in a predefined direction and stops at

a point where the desired crack dimensions and shape have

been reached. With regard to engineering rules, the whole

arrangement may not completely fulfill the requirements of

a RC element, but should be as close as possible to a situa-

tion generally found in practice, e.g. the reinforcements are

placed to optimize the crack development and not according

to standards.

Betonamit, a swelling clay material [20, 21], is filled into

blind holes to apply the necessary force to create the crack.

The reinforcement acts as a counterforce to the expanding

mortar. The reinforcement at the bottom of the specimen,

opposite to the surface where the blind holes are placed,

ensure that the crack will not expand through the specimen.

The middle reinforcement limits the crack depth depending

on its vertical (Z-direction) position. The expanding mortar

applies the force against the reinforcement. The amount of

Betonamit injected in the blind holes ultimately determines

the properties of the created crack.

Betonamit was chosen as expanding grout material to ini-

tiate the cracking because the force can be controlled by

the amount of grout applied into the blind hole. Blind holes

aligned in a line and of equal depth and diameter are used

to guide the direction and shape of the crack. After mixing,

the grout is filled into those blind holes and the pressure

builds up over the next few days. Typically, after 24 h the

crack becomes visible as a hairline and opens over the next

48 h. Further growth of the crack is limited by reinforcement

which is oriented perpendicular to the crack direction. Crack

Fig. 1 Photograph of crack specimen after removal of formwork. The

blind holes are filled with expansive mortar. Cracks are formed along

the dotted arrow directions. The longitudinal reinforcement controls the

crack width and depth. The depth of the center reinforcement can be

varied by 40 mm up or down to control the crack depth. (The apparent

second row of center reinforcement is concrete which filled the blind

holes in the formwork which were prepared for the alternate position

of the rebars.) (see text for details)

depth is controlled by a layer of additional reinforcement,

in a given depth parallel to the surface of the specimen (see

Fig. 1).

The optimal procedure was found by varying the param-

eters, e.g. reinforcement position, blind hole diameter, depth

and distance, and fill level of expansive grout.

Four quantities of the cracks were selected to be able to

characterize them and to make them comparable: “Align-

ment”, “Depth”, “Shape”, and “Width.” These properties are

summarized and described in Table 1 and used for the anal-

ysis of the cracks.

4 Formwork, Reinforcement and Concrete

The formwork with reinforcements and plastic rods for creat-

ing the blind holes is prepared in the laboratory. The X-side is

the longitudinal side of the specimen, Y the crosswise width

and the direction of the cracks, and Z the depth or thickness

direction (Z�0 is the top side where the cracks are visible).

The enclosing wooden form is made of robust coated ply-

wood (21 mm thick) which will not bulge under the weight

of the poured concrete. The bottom (horizontal) plate has six

rows of six plastic rods each (8 mm in diameter, 50 mm long)

in the crosswise direction, which are used to create the blind

holes in which the expansive mortar will be filled to create

the cracks. This ensures that all blind holes have exactly the
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Table 1 Properties of surface opening cracks in concrete, their definition and quantification

Property Definition Quantification

Alignment The crack pattern visible at the

surface should be running in a

straight line through the blind

holes. The deviation from the

straight line is being

measured between the first

and last blind hole

Maximum deviation from a

straight line through the

boreholes in mm measured at

the surface

Depth Distance between the surface

and the tip of the crack which

can be identified by an

inspector on a digital

photograph

Average distance between

surface and crack tip in mm.

Standard deviation (SD) is

given as uncertainty

Shape Shape describes the three

dimensional extension of the

crack, which should ideally

form around a plane given by

the perpendicular direction to

the surface and the line

through the row of the blind

holes

The maximum distance from

this imaginary plane and the

true crack is measured in the

photographs where the cracks

have been exposed. In

addition, the distance of the

crack tip from this line is

measured (see Fig. 3)

Average distance (+SD) of

maximum deviation and

average tip deviation (+SD)

in mm

Width Opening width of the crack,

measured with a crack width

template at a minimum of 10

points

Average of crack width (+SD)

in mm
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same diameter, depth and orientation. The side with the blind

holes becomes the top side of the specimen when the concrete

has hardened and the formwork removed.

In addition, the side panels of the formwork have blind

holes to position the reinforcement rods as described below.

Single reinforcement rods were used to ensure an exact posi-

tioning in the formwork.

Three horizontal layers of reinforcement are applied to

control the crack dimensions:

(A) The top layer consists of longitudinal and crosswise

bars. The longitudinal bars (X-direction) are aligned

in the center between the rows of blind holes, per-

pendicular to the crack direction. The crack opening

is controlled by these bars. In the crosswise direction

(Y-direction), reinforcement bars (12 mm ∅, all others

have 8 mm ∅) are positioned 40 mm left and right of

line through the blind holes to control the direction of

crack development. The concrete cover of this layer is

40 mm.

(B) The center reinforcement layer is used to control the

crack depth. The longitudinal rods are parallel to the

rods in the top layer. The crosswise aligned rods are

positioned in the center between the blind hole rows.

They are used to stabilize the alignment of the longi-

tudinal rods. The whole center reinforcement layer can

be shifted 40 mm up or down in vertical direction to

influence the crack depth.

(C) The lower layer is a copy of the center reinforcement

layer (B) at the bottom of the specimen with a concrete

cover (from the bottom) of 40 mm.

The formwork can be used several times and is manufac-

tured with high precision to reduce the variability in the crack

development by exactly placed reinforcement.

After the concrete has been poured and hardened (concrete

mix: C 30/37), the formwork can be removed. The plastic

rods can be carefully extracted using a suitable tool, e.g. a

crowbar, provided they had been treated with formwork fat

or oil prior to the concrete pour.

The hardened specimen is shown in Fig. 1 after formwork

removal. The size of the specimen is 1500×600×250 mm3.

The distance between the rows of blind holes is 225 mm, the

spacing between the holes 80 mm. Along the six rows of

blind holes the cracks develop after the expansive mortar has

been filled into the blind holes.

5 Crack Creation and Depth Evaluation

After the specimen has been cured for at least 28 days, it is

prepared for crack creation. The blind holes must be widened

and their depth extended if necessary. The best results were

found for a blind hole diameter of 10 mm and a depth 60 mm

(filling height 50 mm, see below).

The blind holes are cleaned and the expansive mortar

(Betonamit) is mixed as described in the operation manual

provided by the manufacturer. This material should be stored

under dry conditions and sealed from the atmosphere. It was

noticed during early tests that the mortar properties change

when stored under atmospheric condition and may not create

the cracks as intended.

The prepared mortar is filled into the blind holes using a

spatula of appropriate dimensions. The filling level should be

10–15 mm below the surface of the specimen to reduce the

risk of breaking the concrete at the surface around the blind

hole. It is not necessary to seal the exposed mortar at the top

of the filling.

Typically, the crack develops within 12 h after the mortar

has been filled in. The expansion process gradually slows and

usually finishes after 72 h. At this point the crack should be

clearly visible and follow a line given by the arrangement of

the blind holes. From the blind holes at the end of each row, a

V-shaped crack pattern may evolve. This does not affect the

crack development in the area between the outer blind holes.

There is no standard procedure to determine the true crack

depth. Experiments with colored liquid, which penetrate the

crack and color the crack faces, can be used. For very fine

cracks, the penetration may not reach the tip of the crack. In

this study, the specimen was cut in slices to visually access

the cracks at several positions. The cuts were aligned through

each row of blind holes along the long axis of the specimen,

perpendicular to the crack direction. The cutting procedure

involves heavy equipment which introduces strong vibrations

into the specimen. To prevent the cracks from further opening

during this treatment and subsequent handling, the cracks

were fixed with low viscosity and fluorescent resin as shown

in Fig. 2.

The specimen is cut into seven slices from which only

the inner five with 10 surfaces are used for the cracks anal-

ysis. The cuts are aligned directly through the rows of blind

holes parallel to the longitudinal axis of the specimen and

perpendicular to the cracks’ direction. Each crack is then

photographed with high resolution (6000×4000, 4288×

3216 and 3840×2160 pixel were used) and good lighting

conditions under stable position of the camera on a tripod.

A template was utilized for the photographs to support the

post-analysis on the computer screen (Fig. 2). From each

specimen, 10 × 6 photographs of the cracks are made from

the surfaces of the 5 inner slices.

The photographs of each crack were analyzed on screen

by several people, from a variety of backgrounds, expertise,

and experience.

The resin has proven to be very helpful and guides the

inspector’s eye to follow the crack. In some situations, the
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Fig. 2 Left: Photograph of crack with template to measure depth and

shape of crack. Right: Processed Image with enhanced crack visibility.

Betonamit is visible as grey material in the blind hole. The resign is

visible as the green material at the surface and in the blind hole above

the Betonamit

human eye can follow the crack beyond the penetration depth

of the resin.

6 Results and Discussion

The procedure described in the previous chapter is the result

of an empirical study during which all parameters have been

varied carefully, e.g. reinforcement position, blind hole spac-

ing, diameter and depth, and the filling level of the expansive

grout. There were many failed attempts which led to unsta-

ble or irreproducible cracks. In general, the balance between

the expanding force of the Betonamit must be matched by

the reinforcement to allow and, at the same time, to limit

the crack growth. All variations of parameters have some

unavoidable uncertainties, but altogether the procedure has

proven to be robust against small changes as they naturally

occur in a concrete laboratory.

After many tests to optimize the parameters, reproducible

results were obtained with the parameter values given in

Table 2. Five specimens were built and the results analyzed.

Variations in the procedure affected the curing time, depth

and diameter of the blind holes, and the position of the center

reinforcement. For each of the specimens the crack depth was

measured. Table 3 summarizes the specimens, test parame-

ters, and results.

The expanding mortar creates a slowly increasing expan-

sion pressure of up to 0.9 tons/cm2 in the blind holes, and thus

leads to the opening of cracks. In all experiments cracks were

created, which were visible at the surface of the specimens

running within a corridor of 1–2 cm left and right of the direct

line through the row of blind holes (alignment parameter in

Table 1).

Between the edges of the specimen and the first and last

blind holes the crack pattern shows larger deviations, and in

most cases, a V-shaped crack pattern develops. These areas

are not included in the crack analysis.

The width of the cracks at the surface is mostly below

0.2 mm and varies along the length of the cracks. This crack

width is within the lower limit range of what is regarded as

being significant for concrete structures. Wider cracks could

be created by using larger volumes of Betonamit in blind

holes which can hold larger volumes. However, the cracks

created in this study should serve as a reference for NDT

methods and leave enough unbroken space below for this

reason.

In most cases, the top of the blind holes shows funnel-

shaped breakouts at the surface, which appear at the end of

the expansion process. These damages do not affect the width

or depth of the cracks. However, they may be obstructing

measurements, e.g. for ultrasonic probes, where a smooth

surface is required for the transducers. In such cases, the

breakouts can be repaired with mortar.

An experienced civil engineer might be able to recognize

the exact position of a crack tip in a photograph, while rather

inexperienced personnel might find different results. Typi-

cally, the human factor plays a major role in visual inspection,

but is not determined separately in this study.

The crack “Depth” has been evaluated by seven inspectors

with different background and experience (ranging from nil

to very experienced) on digital high resolution photographs

on the computer screen to avoid any influence by the inspec-

tion through the lighting condition which may vary at the

respective point in time when the inspection takes place. The

statistical analysis of the result of this analysis revealed a

standard deviation of less than 5%.

The opening “Width” of the cracks was in the order

of maximum allowed crack width for typical PT concrete

structures [5]. There was little variation in the crack width,

justifying a reduction in the number of readings for some

specimens (#6–#8).

The “Shape” of the cracks was determined in the high

resolution photographs as the maximum deviation from the

straight line given by the prolongation of the blind hole at the

origin of the crack. This is visualized in Fig. 3 as the width of

the grey bars which represent the results of the cracks created

in the respective specimen.

The parameter “Alignment” quantifies how far the crack

line at the surface deviates from the straight (ideal) line

through the blind holes which were filled with Betonamit

to generate the crack. This value was recorded for specimens

#6-#8; the magnitude is of the order of the blind hole diam-

eter.

The number of parameters which influence the crack depth

is very high. A practical solution to limit the crack growth is to

include additional reinforcement along the longitudinal axis
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Table 2 Parameters for crack

specimen, best values for even

crack depth (#nn denotes

specimen number)

Parameter Value

Blind hole diameter 8 mm (10 mm in #10 and #12)

Blind hole depth 60 mm

Grout fill level 50 mm (leave 10 mm at the top empty to avoid

breakout)

Blind hole spacing 80 mm

Reinforcement diameter 8 mm (long axis), 12 mm (other)

Additional reinforcement layer cover 165 mm

Table 3 Results of depth, width,

shape and alignment of cracks in

specimens #6–#12

Specimen Concrete cover

of center

reinforcement

(mm)

Crack depth

mean value

(mm)/SD (mm)

Shape mean

value (mm)/SD

(mm)

Width

(mm)/SD (mm)

Alignment

(mm)/SD (mm)

#6 125 138/16.3 20.9/8.9 0.13/0.05 7.0/3.0

#7 85 94.3/22.8 22.9/13.0 0.10/0.06 8.2/5.3

#8 165 131/17.1 37.9/13.3 0.21/0.02 7.3/3.8

#10 125 90.8/30.4a 7.7/5.5a n/a n/a

#12 165 136/22.6b 20.8/10.6b n/a n/a

n/a not available for this specimen
aBlind hole 8 mm diameter, 60 mm depth, 50 mm filling
bBlind hole 10 mm diameter, 60 mm depth, 50 mm filling

Fig. 3 Visualization of crack

depth and shape for specimens

#6, #7, #8, #10, #12. The

pointed line depicts the average

value for the crack depth and the

crack shape, the dark grey areas

represent the respective standard

deviations. The solid curved line

symbolizes a crack. The depth

position of the center

reinforcement is indicated by a

dashed line. Numerical values

for shape (S) and depth (D) are

given above (see Tables 1 and 3

for explanations and values)

of the specimen perpendicular to the cracks. Three different

positions of this layer have been realized in the experiments:

the center reinforcement was placed at 8.5 cm, 12.5 cm and

16.5 cm concrete cover.

The results for specimens #6, #7, #8, #10 and #12 are

summarized in Table 3. For #6, #7, #8 the blind hole diam-

eter was 8 mm with a depth of 50 mm. The filling height of

the expanding mortar in the blind hole was in the range of

35–40 mm. For #10 and #12 a larger filling height of 50 mm
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in a 60 mm blind hole (8 mm diameter in #10/10 mm in #12)

was chosen.

The result confirms that natural cracks can be produced

following the procedure developed in this study. The uncer-

tainty of the found crack depth is in the order of the maximum

aggregate size of the concrete used for the specimen. It can-

not be expected to define a structural crack property smaller

than the inhomogeneity of the material, characterized by the

maximum aggregate size. The quantitative description of the

cracks through the four properties allows an independent

comparison and quantification of the cracks.

7 Conclusions

This procedure has been repeated in the laboratory and is used

now regularly for creating cracks with predefined properties

for the development and validation of methods for NDE of

cracks, especially crack depth.

A round robin test with international participants is being

organized to study the influence of local material and con-

ditions to the result. Ultimately, a procedure should be

established which enables any laboratory to create well

defined cracks and compare the results of NDE on them quan-

titatively with results achieved elsewhere. Once established,

the availability of a reference specimen with known crack

properties will lead to an improved performance comparison

of NDT equipment and procedures.

Cracks occurring in existing concrete structures generally

are different from the ones described in this study. Due to the

variability and uniqueness of the natural cracks, their use for

the purpose described above seems impossible.

Modeling of controlled crack [22, 23] creation may be

useful to initiate cracks within a wider range of properties.

It would be advantageous to have cracks of a larger open-

ing width and to evolve the procedure to cover this property

accordingly. Up to now, the ground truth for depth and shape

of the cracks can only be established by cutting the spec-

imen. An independent method without the need of special

equipment would be helpful. A reliable automated image pro-

cessing tool to identify the cracks in the photographs could

be useful to make the crack depth analysis independent of

human inspectors and would safe time. Such studies will be

included in future research.

The method reported in this study to create surface

breaking cracks can, in principle, also be used to initiate

delaminations which are of high interest in the deterioration

process of bridge decks.
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