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Abstract Reinforcement made of fibre-reinforced

polymers (FRP) for concrete members is becoming

increasingly important in structural engineering.

Compared to conventional ribbed steel reinforcement

bars, FRP reinforcement can be different in terms of

modulus of elasticity, tensile strength and bond

behaviour. This article presents and evaluates exper-

imental investigations on the structural behaviour of

concrete members under bending and shear loads.

Different types of reinforcement (CFRP textile fab-

rics, CFRP bars, steel bars), cross-sections (slabs,

beams) and types of failure (flexure, shear) are

investigated. For a direct comparison with conven-

tionally reinforced members, reference tests with steel

reinforcement and comparable mechanical reinforce-

ment ratio are carried out. The material properties and

the structural behaviour of the studied concrete

members are presented. The load-bearing, cracking

and deformation behaviour is precisely described and

the applicability of existing engineering models is

checked. Additionally, the contributions to shear

capacity are analysed using the deformation measure-

ment based on digital image correlation.

Keywords FRP � Cracking � Shear � Concrete �DIC �
Size effect

1 Introduction

The majority of damages to existing reinforced

concrete structures is caused by the corrosion of the

reinforcement steel [1]. To prevent these damages in

future structures, alternative reinforcement materials,

which are still subject of current research, have been

developed and already used in practical applications.

As a reasonable alternative to conventional steel

reinforcement, especially carbon fibre-reinforced

polymers (CFRP) have proven to be suitable since

they have a high tensile strength and high resistance to

corrosion. Despite decades of research in the field,

fundamental aspects such as the size effect due to its

brittle behaviour or the shear capacity have not yet

been fully clarified and implemented in normative

regulations.

As part of the collaborative research project Carbon

Concrete Composite [2], several tests were carried out

on concrete members under flexural and shear loads.

These members vary in regard to type of reinforce-

ment (CFRP textile fabrics, CFRP bars, steel bars

B500), cross-section (slabs, beams), loading position

and failure mode (flexure, shear). The material prop-

erties and the experimental investigations are analysed
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and interpreted in terms of load–deflection behaviour,

cracking behaviour and load-bearing capacity.

To evaluate the shear capacity, a photogrammetric

measurement method based on digital image correla-

tion (DIC) is used to analyse the contribution of

aggregate interlock and dowelling action. By using a

newly compiled shear database, the experimental

shear capacities are compared with results of similar

shear tests in literature.

Based on the results of the experimental investiga-

tions, an overview of the essential aspects of the

structural behaviour is given. This includes deflec-

tions, crack spacings, bending and shear capacity. The

applicability of existing engineering models derived

for steel reinforced concrete is checked and justified.

2 Test-setup and basic properties

2.1 Test-setup

The main parameters of the experimental investiga-

tions on the bending and shear capacity of concrete

members under short-term loading are summarised in

Fig. 1 and Table 1. The average effective depths of the

specimens dm were measured after failure in the

critical cross section. The members with reinforcing

steel were designed in such a way that the mechanical

reinforcement ratio xm = As/f � ftm/(Ac � fcm) of the

corresponding carbon reinforced concrete members is

comparable. Due to the different tensile strengths of

the reinforcement, the geometric reinforcement ratio

qs/f = As/f/Ac for the steel reinforced concrete mem-

bers is significantly higher compared to the CFRP

reinforced members. The ratio k = a/d describes the

distance between loading point and support in relation

to the effective depth of the member.

In addition to the vertical deflections, the strains on

the top and bottom side and the width of the critical

shear crack were measured with strain gauges and

extensometers, respectively. For the test series B a

photogrammetric measurement based on digital image

correlation was additionally used.

2.2 Concrete

For the investigations, two different normal strength

concretes (C 40/50 and C 50/60) were used for the test

series A and B, respectively (see Tables 1 and 2). In

order to determine the material properties of the

concrete, compression and tensile splitting tests were

carried out on cubes, cylinders and drill cores at

different concrete ages. The results of the concrete

compressive strength tests depend on the shape, size

and slenderness of the specimens and are converted to

the uniaxial compressive strength f1,c,m according to

[3]. The uniaxial concrete compressive strength f1,c,m
is approximately 7% lower than the compressive

strength fcm,cyl determined on concrete cylinders

(h = 300 mm, d = 150 mm).

The concrete tensile strength fctm is often deter-

mined by tensile splitting tests. According to numer-

ical and experimental investigations by [4], the

conversion factor to uniaxial concrete tensile strength

Fig. 1 Cross-sections of the test specimens and test-setups
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depends on the aggregate size and specimen geometry.

In fib Model Code 2010 [5] a conversion factor of 1.0

is proposed. The results of the tensile splitting tests on

concrete cubes are approximately 10% higher than

those on concrete cylinders [6]. The modulus of

elasticity of the concrete Ecm was determined using

concrete cylinders prepared with measuring marks and

strain gauges for a stress level of rc = 0.4 � fcm.

2.3 Reinforcement

In the experiments, carbon textiles and bars were used

as well as typical steel reinforcement, see Table 3. The

carbon textile is a solidian GRID Q95/95-CCE-38

impregnated with epoxy resin with a cross-sectional

area of the fibres of 3.62 mm2 per strand and a mesh

size of emesh = 38 mm. The carbon bars C4R-10 by

ThyssenKrupp, also impregnated with epoxy resin, are

ribbed, resulting in a nominal core diameter of

di = 8.5 mm.

Regarding the determination of the cross-sectional

area of FRP reinforcement, different approaches exist

in literature. For textiles, in many cases it is only the

actual fibre cross section that is specified, since the

cross section is variable over the length and the area of

the fibres can be easily determined. However, for FRP

bars, either the core diameter or the outer diameter of

the composite is used depending on the surface

processing. For this reason, the reinforcement ele-

ments were first measured by using calliper and

microscope. Then the volumes were determined by

immersion weighing as it is suggested in [7]. From

this, averaged cross-sectional areas of the composite

materials have been determined. The tensile strength

of the carbon textile fabrics was determined by [8] in

tensile tests according to [9, 10] with a free length of

160 mm in longitudinal direction (warp direction, 0�-

Table 1 Overview of the investigated test-specimens

Specimen Reinforcement Concrete Lm in mm hm in mm bm in mm dm in mm k = a/d qs/f in % xm in %

A-M-C-K1 CFRP textile C 40/50 2500 105 500 84 10.4 0.254 7.4

A-M-C-K2 88 9.9 0.242 7.0

A-M-C-K3 80 10.9 0.266 7.7

A-V-C-K1 1500 79 4.1 0.270 7.8

A-V-C-K2 82 3.9 0.258 7.5

A-V-C-K3 81 4.0 0.262 7.6

A-M-S-K1 B500 2500 73 11.9 0.824 9.9

A-V-S-K1 1500 78 4.1 0.771 9.3

B-M-C-K1 CFRP Bars C 50/60 5000 200 400 165 11.7 0.213 6.7

B-M-C-K2 134 14.4 0.262 8.3

B-M-C-K3 167 11.6 0.211 6.6

B-V-C-K1 2200 171 3.6 0.308 9.7

B-V-C-K2 171 3.6 0.307 9.7

B-V-C-K3 172 3.6 0.305 9.6

B-M-S-K1 B500 5000 181 10.6 0.625 6.2

B-V-S-K1 2200 172 3.6 0.987 9.8

Table 2 Material properties of concrete

Specimen Concrete f1,c,m in N/mm2 fcm,cyl in N/mm2 fctm in N/mm2 qc in g/cm3 Ecm in N/mm2 ag in mm

A C 40/50 49.2 52.9 4.0 2.42 34,918 16

B C 50/60 59.9 64.4 4.6 2.35 33,525

Materials and Structures (2020) 53:63 Page 3 of 16 63



direction). Tensile tests of the carbon bars with a free

length of 400 mm and a special clampingmethod were

conducted at the Institute of Concrete and Masonry

Structures at TU Darmstadt.

Due to the linear-elastic behaviour with brittle

failure of FRP reinforcement, the length of the

reinforcement in tension and the number n of parallel

elements have a considerable influence on the mean

value and the standard deviation of the tensile strength

leading to lower values for large numbers n [9, 11–13].

For the evaluation of the ultimate bending load of

concrete members, this size effect of serial and parallel

systems has to be taken into account. Several aspects

regarding this issue are still subject of research. First,

the correlation of tensile strength and modulus of

elasticity is assumed to be based on the microstructure

of the material and therefore generally unknown [11].

However, a correlation between these two parameters

could be assumed if the orientation and corrugation of

the individual fibres are used as a justification for

higher strength and modulus of elasticity. Second, the

position of a single reinforcement element within a

concrete member is subjected to scattering, which

depends on the production process of the concrete

members, so that the stresses on the individual

elements are not equal. Third, it is difficult to estimate

the effective reinforcement length in tension for

concrete members under bending loads, as it depends

on the cracking behaviour and the strain distribution in

the reinforcement. The maximum strain is reached in

the cross section of a crack as well as in the area near

the crack. In [8], the tension length with a strain

maximum is estimated to 5 mm per crack. An

alternative to this approach can be obtained by the

formulae for the determination of the crack width in

[5]. Based on experimental investigations, a correction

length is added to the crack spacing, which takes into

account the area of disturbed bond between reinforce-

ment and concrete near the crack and which is

dependent on the concrete cover thickness c. This

aspect will be discussed more detailed in Sect. 3.2.

2.4 Bond

In order to investigate the bond behaviour of concrete

and reinforcement, pull-out tests including measure-

ment of the bond stress-slip relationship were carried

out on the reinforcement materials according to [14],

cf. Fig. 2. The bond length was not chosen based on

the reinforcement diameter (lb/Ø = 5 [14]) but

Table 3 Material properties of the reinforcement
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consequently set to lb = 50 mm. In [15] it could be

shown that the bond stresses increase by approxi-

mately 40% for a smaller ratio of lb/Ø = 2 and the

same slip. Additionally, the reinforcing steel with a

diameter ofØ = 12 mm used in the bond tests showed

a layer of rust on the surface, which is known to

increase the bond stresses at smaller slips. Experi-

mental investigations in [16] show an increase of the

bond stresses of up to 60% at a slip of s = 0.01 mm. At

a slip of s = 0.1 mm the differences of the bond

stresses of the bars with and without a layer of rust are

negligible.

Before pull-out failure was reached, the fibre

strands of the CFRP textile showed a tension failure

within the bond or transition area showing a high slip

at this point. The steel reinforcement bars showed

typical bond stresses. For one of the specimens in

series BV1 the measurement of the slip stopped

shortly after reaching the maximum bond stress due to

an incorrect positioning of the extensometer.

3 Structural behaviour

3.1 Load–deflection- and cracking-behaviour

The test specimens show a typical load deflection

behaviour of reinforced concrete members which is

shown in Fig. 3. From M = 0 up to the crack moment

M = Mcr the cross-section of the specimens is

uncracked (state I). Between M = Mcr and approxi-

mately M = 1.3 Mcr the specimens are in the crack

formation phase (state IIa), followed by the (almost)

stabilised cracking state IIb. For specimens with steel

reinforcement and bending failure yielding of the

reinforcement leads to state III. For the specimens of

the series A-M as well as for the test B-M-C-K1, the

specimens were temporarily unloaded when state IIb

was reached and extensometers were attached to

measure the crack width. Due to the unloading and

reloading, the tension stiffening effect is reduced, even

if only to a small extent.

The test specimens mainly subjected to bending

loads and reinforced with CFRP showed a tension

failure of the reinforcement. In the reference members

with steel reinforcement A-M-S-K1 and B-M-S-K1,

the reinforcement first reached the yield strength. The

strain of the reinforcement in the crack increases

disproportionally with further loading until the strain

in concrete on the top side reaches a critical value and

concrete compression failure occurs.

In the case of the A-V and B-V members, which

were predominantly subjected to shear, all the mem-

bers failed to shear except for the A-V-S-K1 member.

When comparing the members A-V-C to the member

A-V-S-K1, it can be seen that the mechanical

reinforcement ratio xm and therefore the bending

capacity is in the same order of magnitude. Due to the

lower tensile strength of steel, much more reinforce-

ment is needed leading to a higher geometric rein-

forcement ratio and therefore to a higher concrete

compression zone and a higher shear capacity.

Because of the higher shear capacity, bending failure

becomes decisive for the member A-V-S-K1. The

maximum force at failure and the failure mechanisms

are summarised in Table 4.

The crack patterns of the different specimens were

recorded, visualised and evaluated during the test and

Fig. 2 Experimentally

determined bond stress-slip

relationships
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after failure. The crack patterns at failure including the

critical failure crackmarked in red are shown in Fig. 4.

The test specimens subjected predominantly to

flexural loads show typical bending cracks. In member

A-M-C-K3, a horizontal delamination crack occurred

shortly before failure, which spread from the centre

towards the two loading points. This horizontal crack

is caused by the changing vertical position of the

textile over the length of the member. In the centre, the

textile is positioned slightly higher than at the loading

points leading to vertical forces at the redirection

points. Due to this delamination, the concrete in the

tension zone is no longer active and the strain in the

reinforcement is almost constant over the length of the

delamination crack. Due to the size effect resulting

from the higher length in tension, the failure load is

significantly reduced [8].

Comparing the specimens A-M-C/A-V-C and

A-M-S/A-V-S, it is obvious that the crack spacings

are in a comparable order of magnitude, although the

geometric reinforcement ratio differs significantly.

This is particularly due to the transverse reinforcement

of the CFRP textiles. Despite the smooth surface, the

irregular structure of the textiles leads to a form-fit

based bonding mechanism that acts like a mechanical

interlock [17–21]. For the specimens of the B-series,

the crack spacings of the members with CFRP

reinforcement are much higher than those of the

Fig. 3 Load-deflection behaviour of the reinforced concrete members
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Fig. 4 Crack patterns at failure and DIC measurement

Table 4 Crack spacings,

maximum force and failure

mechanism

Specimen sr,min (mm) sr,mean (mm) sr,max (mm) sr,mean/sr,max (-) Fmax (kN) Failure

A-M-C-K1 56 89 134 0.66 28.9 Flexure

A-M-C-K2 55 80 111 0.72 26.2

A-M-C-K3 52 84 121 0.69 20.0

A-M-S-K1 57 81 101 0.80 27.3

B-M-C-K1 45 71 87 0.82 37.4

B-M-C-K2 57 81 109 0.74 28.5

B-M-C-K3 51 80 106 0.75 35.8

B-M-S-K1 53 71 107 0.66 39.0

A-V-C-K1 103 168 265 0.63 59.4 Shear

A-V-C-K2 81 194 346 0.56 54.4

A-V-C-K3 90 169 244 0.69 61.5

A-V-S-K1 137 166 184 0.90 79.7 Flexure

B-V-C-K1 84 162 249 0.65 128.2 Shear

B-V-C-K2 106 146 177 0.83 120.4

B-V-C-K3 30 134 216 0.62 133.7

B-V-S-K1 41 99 157 0.63 186.3
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members with reinforcing steel, cf. Figure 4 and

Table 4.

The failure cracks within the test series A-V-C

differ with respect to the distance of the critical shear

crack to the loading point. In the tests A-V-C-K1 and

A-V-C-K2, the critical shear crack is located close to

the loading point. With increasing distance from the

loading point, the ratio of normal stresses to shear

stresses decreases and therefore the inclination angle

in the axis of the reinforcement has to increase.

Another crack does not open. In the test A-V-C-K3,

two cracks open to the right of the load introduction.

The critical shear crack has an obvious inclination.

The steel reinforced reference test A-V-S-K1 failed on

flexure with a failure crack in the centre of the

specimen. The test series B-V shows a more consistent

behaviour. The critical shear cracks occur at a

comparable distance to the loading point and show a

comparable course. The reference test B-V-S-K1 also

shows a shear failure, but shows finer distributed

bending cracks.

In [22] the ratio of mean value to maximum value of

the crack spacing, based on theoretical investigations

by [23, 24], is assumed to be between the values 0.58

and 0.72. With increasing bending load and shear

slenderness, the members get closer to a stabilised

crack pattern and the ratio decreases, which is clearly

noticeable in the values given in Table 4. Considering

that the crack spacing is highly dependent on the

concrete tensile strength, the bond strength and

various other parameters such as reinforcement ratio,

reinforcement diameter and loading situation, a scat-

tering of the value sr,mean/sr,max is expectable.

According to fib Model Code 2010 [5] the maxi-

mum distance between two cracks sr,max equals twice

the transfer length lt (length over which slip between

concrete and reinforcement occurs). In [5] a correction

length proportional to the concrete cover thickness is

added to take into account the area near the crack

where the bond is disturbed. This aspect in particular is

heavily discussed as it leads to very high crack

spacings for higher concrete covers. As suggested by

[22] and verified by experiments, the ratio for mean to

maximum crack spacing is taken to 0.72 which leads

to sr,m = 1.44 lt. The mean value of the crack spacing

sr,m according to [22, 25] neglecting the influence of

the concrete cover is based on an equilibrium of the

tension and bond force and can be calculated via

Eq. (1).

sr;m ¼ 1:44 � lt ¼ 1:44 � 0:25 � fct;eff
sbm

�
/s=f

qs=f;eff

 !
ð1Þ

lt transfer length (length over which slip between

concrete and reinforcement occurs), fct,eff = 0.8 fctm
(reduced value of mean concrete tensile strength), sbm
mean bond stress between concrete and reinforcement,

Øs/f diameter of reinforcement element, qs/f,eff = As/f/

Ac,eff ratio of area of reinforcement to effective area

of concrete in tension, Ac,eff = b � hc,eff; where

hc,eff = min (2.5 (h–d); h/2; h/3 - x/3) effective

tensile area of concrete; value 2.5 can be modified [5].

Among the decisive factors to determine the crack

spacing are the mean bond stress and the effective

tensile concrete area. The equations for the determi-

nation of Ac,eff were derived and investigated by [26]

using nonlinear FE calculations. It was found that the

required force to open the next crack is only margin-

ally influenced by parameters such as the reinforce-

ment ratio, the mathematical description of concrete

under tension, the bond behaviour and the concrete

strength. With regard to the average bond stress, the

value of sbm = 2.25 fctm specified in [25] is a very

simplified assumption which applies to a maximum

slip of s = 0.25 mm (crack width w = 0.5 mm), even

though the ratio of average bond strength to concrete

tensile strength seems to decrease with higher concrete

compressive strength and changes dependent on the

crack width.

The bond failure of ribbed steel reinforcement in

case of pull-out is determined by the failure of the

concrete corbels. As described in Sect. 3.1, in the case

of textile CFRP reinforcement, the bond is achieved

by form-fit, which results from the irregular cross-

sectional shape and the periodic widening of the

strands. In the large-scaled member tests carried out,

an evident influence of the transverse reinforcement

was also noticed. Cracks usually occurred in the area

of the transverse reinforcement. In the case of CFRP

bars with milled ribs, a failure of the bar profile is often

decisive above a certain concrete strength. A deter-

mination of the bond strength proportional to the

concrete strength is therefore only possible up to the

failure limit of the profile.

As the mean bond stress is dependent on the slip,

the crack width w in the stabilised cracking state (1.3

Mcr,calc) is calculated based on the measurement of the

strains at the bottom side of the specimens. Using the
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crack widths, the mean bond stress for a slip of s = w/2

can be determined from the pull-out tests described in

Sect. 2.4. The results are shown in Fig. 5, where the

experimental and calculated mean values of the crack

spacings including the standard deviations are

compared.

As can be seen in Fig. 5, the experimental und

calculated values generally show a good agreement.

The highest deviations are determined for the textile-

reinforced members. This is attributed to the strong

influence of the transverse reinforcement. In existing

normative regulations [27] for structures with steel

reinforcement meshes, the maximum crack spacing is

limited to the value of two meshes. In Fig. 6, the

measured crack spacings of the textile-reinforced

members A-M-C are analysed in detail. In this Figure,

every single measured crack spacing sr,exp,i (53 in

total) of the A-M-C specimens is plotted over the

index i from i = 1 to i = 53 on the abscissa. The mean

value of all crack spacings srm,exp is compared to the

double and triple mesh size of the textile fabric. It is

obvious that the mean value of the crack spacing

corresponds to twice the mesh size, which can be

clearly confirmed by analysing photographs of the

members. The maximum crack spacing in the mem-

bers rarely exceeds triple the mesh size. Due to

scattering of the concrete tensile strength, cracks

partly cross each other, but are usually located in the

axes of the transverse reinforcement. A precise

calculation of the crack spacings without closer

examination of the influence of transverse reinforce-

ment is therefore only partly possible for textile-

reinforced concrete members.

3.2 Ultimate bending load

As described in Sect. 2.3, in order to determine the

ultimate bending moment, the size effect resulting

from the length of the reinforcement in tension and the

number of parallel elements must be taken into

account.

To calculate the number of serial elements nserial,

the length of a reinforcing element in tension Lserial is

related to the free length of the tensile strength tests

Ltension-test. The reinforcement strain reaches a peak

value in the cracked section. In a small area near the

crack, it is assumed that the bond between concrete

and reinforcement can be regarded as disturbed,

leading to an area of constant reinforcement strain.

The length of this region seems to be dependent on the

concrete cover (cf. Section 2.3 and determination of

crack width according to [5]). If a delamination crack

occurs (specimen A-M-C-K3), the length of this

horizontal crack is also added to the reinforcement

length in tension. Therefore, the number of serial

elements nserial and the length of the reinforcement in

tension with a maximum tensile strain Lserial can be

calculated by Eq. (2).

nserial ¼
Lserial

Ltension�test

¼ ncrack � Lcrack;i þ Ldel;i

Ltension�test

ð2Þ

nserial number of serial elements, Lserial length of a

reinforcing element in tension with maximum tensile

strain, ncrack number of cracks in the area of constant

bending moment, Lcrack,i length with constant strain

for each crack (here: Lcrack,i equals concrete cover c),

Ldel,i length of delamination crack.

Since parallel systems behave like serial systems in

terms of the reduction of the mean value of the tensile

Fig. 6 Crack spacings compared to the mesh sizeFig. 5 Comparison of experimental and calculated values of

mean crack spacings including standard deviation

Materials and Structures (2020) 53:63 Page 9 of 16 63



strength, it is sufficient to consider them as additional

serial elements. The equivalent number of serial

elements nmod is therefore described by Eq. (3).

nmod ¼ nserial � nparallel ð3Þ

With this number of equivalent elements, the

failure probability pmod of a systemwith nmod elements

can be calculated according to [9] and Eq. (4).

pmod ¼ 1� 0:51=nmod ð4Þ

If, as an example, the reduced mean value is

calculated for a system with nmod = 10 elements, the

reduced probability is pmod = 0.067. Assuming a

normal distribution, the tensile strength ftm,mod for

this probability can now be determined. This can be

done using typical standard normal distribution

tables with the corresponding z-scores and the stan-

dard deviation of the tensile strength tests.

The reduction factor of the FRP tensile strength

ftm,mod/ftm as a function of the number of serial and

parallel elements for the CFRP textiles and bars is

shown in Fig. 7.

With this reduced tensile strength and the consti-

tutive laws of concrete and reinforcement, the ultimate

bending moment can be determined by iterating the

strain plane and fulfilling force equilibrium. The

results of the calculations are shown in Table 5. The

ratio of experimental and calculated ultimate bending

moments is in average 1.06 for all tests and thus

provides good agreement with the models.

4 Shear strength

4.1 General background

For the shear capacity of reinforced concrete members

without shear reinforcement, numerous models and

analytical approaches exist, some of which are still

empirical to this day. The shear capacity is charac-

terised by different mechanisms.

Vcc Shear capacity of the non-cracked concrete

compression zone

Vrs Residual tensile stresses in the fracture process

zone

Vagg Aggregate interlock

Vdow Dowelling action of the longitudinal

reinforcement

In the cracked state II shear forces can be

transferred through the non-cracked concrete com-

pression zone. In the area of the fracture process zone,

whose size depends on the material properties of the

concrete according to Zink [28], crack-bridging tensile

forces are transferred in case of small crack widths. As

a further mechanism Reineck [29] mentions the

aggregate interlock and friction along the critical

shear crack. According to Walraven [30], this mech-

anism is decisively influenced by the shape and size of

the aggregate. Oblique crack openings cause a vertical

displacement of the two crack sides and activate the

dowel effect of the longitudinal reinforcement, which

according to Baumann and Rüsch [31] is described by

the elastic bedding of the longitudinal reinforcement.

Fig. 7 Reduction factor considering serial and parallel elements
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As the loads increase, shear cracks form from bending

cracks, which propagate at the level of the longitudinal

reinforcement in the direction of the support and on

the upper side in the direction of the loading points.

The load-bearing behaviour changes and the defor-

mations increase. For members with a low reinforce-

ment ratio, this system change can lead to a sudden

failure according to Hegger and Görtz [32], while for

members with a high reinforcement ratio, a redistri-

bution and thus a significant increase in load is still

possible.

These different mechanisms show that the shear

capacity depends on a large number of parameters. In

addition to the modulus of elasticity of concrete and

reinforcement, shape and maximum diameter of the

aggregate, concrete tensile strength, reinforcement

ratio and member height, the shear slenderness of the

beam k = Mmax/(Vmax � d) is of particular importance,

which corresponds to the distance between the loading

point and the support in relation to the effective depth

k = a/d in the case of single loads. The dependence of

the shear capacity on the shear slenderness is often

described by the so-called shear valley according to

Kani [33]. It describes the fact that the ratio of an

experimentally determined maximum bending

moment Mu,exp and the maximum possible bending

capacity Mu,cal takes on a minimum value at a shear

slenderness of approximately k = 2.5 with shear

failure becoming decisive.

Despite intensive investigations in the past dec-

ades, the shear capacity of concrete members without

shear reinforcement is still subject of current research

and is not finally solved [34, 35]. Due to the

transversely isotropic material behaviour and the

low strength perpendicular to the fibre direction of

the FRP reinforcement, a direct transferability of the

load-bearing mechanisms, in particular of the dowel

effect, cannot be assumed without further investiga-

tions [36]. In addition, FRP reinforcement typically

has a lower modulus of elasticity, which reduces the

longitudinal stiffness of the reinforcement and thus the

height of the concrete compression zone leading to

lower shear capacities [37].

4.2 Prediction of shear strength

Due to the large number of influencing parameters and

different load-bearing mechanisms, the prediction of

the shear capacity of concrete members without shearT
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reinforcement is often accompanied by large scatter-

ing. For a comparison of the shear capacity of

members with CFRP reinforcement as well as con-

ventional steel reinforcement the shear model

described in [38, 39] was used.

To compare the calculated and experimentally

determined shear capacities, the shear database for

steel-reinforced concrete members by [40] (n = 551)

was used. In addition, a shear database for members

with FRP reinforcement [41–58] (n = 186) has been

compiled and the results are compared with the tests

presented in this paper. Only tests with complete data

and adhering the following criteria were evaluated:

k� 2; 5

f1;c;m � 12N/mm2

bw � 50mm

bw ¼ b

h� 70mm

Figure 8 shows a comparison of the experimental

data given in this article and in literature for shear

capacities of steel and FRP reinforced concrete

members with the calculated values using the model

described in [38, 39]. The mean value of the exper-

imental shear capacity in relation to the calculated

values is 1.01 for steel reinforced concrete members.

This value is just slightly higher for FRP reinforced

concrete members which leads to the assumption that

the shear model is accurate for FRP members and that

the shear behaviour is comparable to steel reinforced

concrete members.

4.3 Analysis of shear mechanisms

The critical shear crack first develops from a vertically

oriented bending crack at a distance of 1.0 d to a/2

from the loading point. The bending crack then

proceeds diagonally, usually at an angle of 45�,
towards the loading point until it reaches the neutral

axis at the transition to the concrete compression zone.

If the load is increased, this crack develops further at a

flatter angle and breaks through the compression zone.

This critical condition is often referred to as the point

of maximum shear strength, since the system often

becomes unstable and the load can only be increased

very slightly. For the tests of the B-series, an

additional deformation measurement using digital

image correlation was used and which allows for a

precise measurement of crack widths in failure state.

The DIC measurement and crack pattern at different

load stages of specimen B-V-C-K1 is shown in Fig. 9

In the literature, the relevant shares of the shear

capacity are still discussed today [59]. The main load-

bearing mechanisms mentioned are based on the non-

cracked concrete compression zone and aggregate

interlock. According to [28], the distribution of shear

stresses in the compression zone can be assumed to be

parabolic. The shear capacity of the non-cracked

concrete compression zone Vcc = 2/3 � smax � b � x �
Zink [28] states that the maximum shear stress smax

equals the concrete tensile strength fct if the crack tip is

located at the neutral axis.

Numerous studies have been carried out to inves-

tigate aggregate interlock as a transfer mechanism of

shear stresses [30, 60–62]. Based on the principles

given in [60, 63], Herbrand and Hegger [64] propose

the following description for the shear stresses with a

critical shear crack width to limit the transfer

capability.

sai ¼
0:14 �

ffiffiffiffiffiffi
f ck

p

0:31þ 24w
agþ16

1� w

w0

� �
ð5Þ

1:0�w0 ¼ 2:0� 0:1 � ðf ck � 50Þ� 2:0 ðw0 in mmÞ
ð6Þ

Fig. 8 Comparison of experimental shear capacities and

predictions using the model in [38, 39]
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fck characteristic concrete compressive strength,

fck = fcm - 4 MPa according to [40], w crack width

in mm, ag maximum aggregate size in mm.

Besides these two mechanisms, the dowelling

action and the residual tensile stresses in the fracture

process zone in the vicinity of the crack tip have to be

mentioned. Based on the DIC-measurement of crack

width w and slip s these two mechanisms can be

evaluated. The tensile residual stresses in the fracture

process zone are calculated based on the stress-crack

width-relation given in [5]. The dowelling action is

calculated according to [59] using the measurement of

the slip s at the critical shear crack.

Especially since shear failure is a sudden failure,

slight discrepancies between the recorded strains of

the DIC system and the force measurement can occur

due to different measuring frequencies. Figure 9

shows the results of the analysis of the relevant shares

of the shear capacity as well as an exemplary

illustration of the stress and force distribution in the

critical shear crack.

As can be seen in Fig. 10, a good agreement can be

found between the determined load shares and the

actual shear force capacities, even if the respective

shares are partly overestimated or underestimated for

the individual specimens. The member B-V-S-K1

showed the highest divergence with a deviation of

14%. Especially for small crack widths, a very high

resolution of the DIC cameras is needed. Since the

crack patterns on the front and back are not identical,

the share of aggregate interlock is difficult to estimate

despite the refined DIC measurement. However, it is

obvious that these load-bearing mechanisms provide

the main part of the shear capacity.

Fig. 9 DIC measurement

and crack pattern at different

load stages

Fig. 10 Relevant shares of shear capacity
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5 Conclusions

In the presented experimental and theoretical investi-

gations on the load-bearing and deformation beha-

viour of concrete members reinforced with carbon

fibre-reinforced polymer reinforcement, the bending

and shear capacity as well as the cracking behaviour

are discussed. For this purpose, the necessary material

parameters as well as the special characteristics of

FRP reinforcement, such as the size effect, are

described in detail. Pull-out tests are carried out to

characterise the bond behaviour between concrete and

reinforcement. Firstly, it turns out that the maximum

bond strength seems to be lower for the studied FRP

reinforcement, but the influence on the resulting crack

spacings is rather small, since only the mean bond

stresses at small slips are required. Secondly, it can be

seen that the transverse reinforcement of CFRP

textiles has a strong influence on the cracking

behaviour. Using the information about the cracking

behaviour and the size effect for FRP reinforcement,

the tensile strengths are reduced by considering serial

and parallel elements. With this information the

bending capacities are determined and compared to

the experimental values. Finally, the tests on the shear

capacity are analysed and evaluated using an existing

engineering model. For a more precise analysis, an

existing test database for steel reinforced concrete

members is used and a new database for concrete

members with FRP reinforcement is compiled. The

individual shares of the shear capacity are then

analysed and evaluated using photogrammetric mea-

surement technology based on digital image correla-

tion. It turns out that the experimental and calculated

values show a good agreement. The shear behaviour of

reinforced concrete members with CFRP reinforce-

ment is similar to the behaviour of steel reinforced

concrete members.
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