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1. INTRODUCTION 

Development of fixing techniques is an actual and important field of research. Requirements 

concerning both the load bearing capacity and aesthetics have increased and producers have to 

fulfil them in case of fixings in different base materials (concrete, masonry, etc.). Joints also 

have to fulfil new design requirements, such as fire resistance, durability and seismic resistance. 

Beside all these, installation of the fixing system must be fast and simple to follow the increased 

speed on constructions. Considering concrete base material, because of the dynamic 

development of concrete technology and fixing techniques, there are several special and open 

questions. New materials and products appear on the market and there are new effects and 

design aspects that need to be considered. Quality management and certifications provide the 

quality of new products and producers help the design by design guides. However, because of 

fast development, neither the design guides, nor the summarizing codes and standards can 

include all aspects, therefore the role of researches is significant. 

The development of fixing techniques and relevance of this topic is obvious if we consider that 

there was no unified European standard for the design of fastenings in concrete until 2018, 

when part 4 of  Eurocode 2 (EN 1992-4) [1] was accepted. The standard was adopted by 

Hungary in January 2019 [2]. Basis of the new standard is the unified quality management 

system of the producers of anchors [3], [4], test methods and results of which are often referred 

in the code. 

In my dissertation anchors installed in fiber reinforced and thermally damaged concretes are 

examined. Both of the two concrete types mean an actual field of research as fiber reinforcement 

is a developing sector in concrete technology, while post-fire reinforcement is a significant 

design aspect. 

1.1 Research aims 

The main aim of my research was to examine the behaviour of anchors placed in non-

conventional (special) concretes which are not covered by the standards and design guides. 

During the tests, properties and parameters of special concretes different from those of normal 

concretes affecting the load bearing capacity and failure mode were analysed. 

1.2 Importance of the research 

The standard and the previous design guides determine the resistance of anchors installed in 

normal concretes (with density 2000-2600 kg/m3 and compressive strength not higher than 

80 N/mm2) only. Consequently, results of researches that widen the limits of applicability of 

the standard are significant. By my results I aim to extend the research background of design 

and help the work of designers. 
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2. METHODOLOGY 

2.1 Examined anchors 

During the research, behaviour of the most widely used torque-controlled expansion anchor and 

two commonly used bonded anchors (with epoxy resin and vinyl ester hybrid bonding material) 

was analysed.  

The applied expansion anchor is a high-performance mechanical fastener made of galvanised, 

stainless steel. Its application is mainly recommended in uncracked structures. Because of the 

fixing technology there is a weakened section on the anchor which helps the placement of the 

expansion sleeve. If a torque is applied, then the expansion sleeve moves downward, towards 

the conical part of the anchor and expands. The sleeve is pressed against the wall of the drilled 

hole therefore load is transmitted between the anchor and the base material by friction. Cross-

section of the applied anchor was M8 (with diameter d = 8 mm) [5]. For bonded anchors M8 

threaded rod was used, with hole diameter of 10 mm, the bigger hole diameter ensured that the 

glue could properly surround the threaded rod. Material grade of the threaded rods was 10.9 

(characteristic value of tensile strength: fu,k = 1000 N/mm2, characteristic value of yield 

strength: fy,k = 900 N/mm2). The reason for this high grade was to prevent steel failure during 

pull-out tests. The first type of chosen bonding material was a high performance two component 

epoxy adhesive. The bond is stress-free therefore it can be used in case of small edge distances 

and spacing. Consistency of the epoxy resin is higher than that of other glues therefore it can 

enter to the pores and can reach an adequate depth before hardening, resulting in higher level 

of load transmission by adhesion [6]. The second type of bonding material was vinyl ester, 

which is a combined glue, that includes organic (vinyl ester) and inorganic (cement) 

compounds. The bond is stress-free therefore it can be used in case of small edge distances and 

spacing [7]. 

2.2 Pull-out tests 

The loading device applied for pull-out tests was a displacement-controlled test apparatus, 

which allowed the recording of residual stresses and displacements after the failure. The loading 

rate was 1 mm/min in each case, which meant quasi-static loading, therefore effects of dynamic 

loads could be eliminated [8]. Anchors were tested by unconfined and confined pull-out tests.  

Embedment depth was 50 mm for unconfined pull-out tests. Previous tests executed in the 

Department showed that conclusions made based on the results of specimens with 50 mm 

embedment depth could be extended to specimens with larger embedment depth [9]. Since the 

embedment depth determines the minimum required dimensions of the specimens, therefore for 

50 mm embedment depth 300300100 mm and later 300300150 mm blocks were used, which 

fulfilled the minimum geometric requirements of [3]. The change of the thickness of the 

specimen was needed for the prevention of splitting. During the unconfined pull-out tests (Fig. 

2.1) free formation of the concrete cone had to be allowed, therefore a 20 mm thick steel plate 

was applied as support, which let a circular zone with diameter 250 mm around the anchor free. 

This setup was in accordance with the setup used during the standardised assessment of anchors 

[3]. 
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Fig. 2.1: Schematic and real setup of unconfined pull-out test 

During confined pull-out tests (Fig. 2.2) only pull-out failure was possible, therefore bond 

strength could be measured. In this test setup a 20 mm thick steel plate was applied, which 

confined the specimen outside a circle with 20 mm diameter around the anchor. The setup was 

in accordance with the setup used during the standardised assessment of anchors [3]. The 

applied embedment depths were 40 and 50 mm and 300300150 mm concrete blocks were 

used. As this type of test did not require this specimen size, therefore 4 anchors could be 

installed in each specimen with 115 mm edge distance.  

  

Fig. 2.2: Schematic and real setup of confined pull-out test 

In order to see the effects of the properties of special concretes, the results of tests with special 

concretes were compared to the results of resistance calculation methods used in case of normal 

concretes. 

In case of mechanical fasteners pull-out failure can be excluded if the installation techniques 

prescribed by the producers are followed [3]. On the other hand, pull-out failure is possible and 

typical in case of bonded anchors and resistance to it can be calculated as: 
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𝑁𝑢,𝑝 =  𝜋𝑑ℎ𝑒𝑓𝜏𝑢, (2.1) 

where: 

Nu,p  resistance to pull-out failure [N], 

d diameter of the anchor [mm], 

hef embedment depth [mm], 

u mean value of the bond strength of the adhesive [N/mm2]. 

Equation (2.1) can be used if 4 ≤ ℎ𝑒𝑓 𝑑⁄ ≤ 20, 𝑑 ≤ 50 𝑚𝑚 [1], [3], [4], [10]. 

The most frequently used method for the calculation of the resistance to cone failure is the CC-

Method (Concrete Capacity Method). The resistance can be calculated by the following 

equation based on fracture mechanics [11]:  

𝑁𝑢,𝑐
0 = 2.1 (𝐸𝑐 𝐺𝑓)

0.5
 ℎ𝑒𝑓

3/2
,  (2.2) 

where: 

N0
u,c resistance to full cone failure [N], 

hef  embedment depth [mm], 

Ec mean value of the modulus of elasticity of concrete [N/mm2], 

Gf mean value of the fracture energy of concrete [N/mm]. 

Based on test results the formula above was modified [12]–[15]: 

𝑁𝑢,𝑐
0 = 𝑘1 √𝑓𝑐,200 ℎ𝑒𝑓

2  
1

ℎ𝑒𝑓
0.5 = 𝑘1 √𝑓𝑐,200 ℎ𝑒𝑓

1,5, (2.3) 

where: 

N0
u,c resistance to full cone failure [N], 

k1 factor which depends on the type of the anchor [N0,5/mm0,5], 

hef  embedment depth [mm], 

fc,200 mean value of the compressive strength of concrete measured on a cube with 

edge length 200 mm [N/mm2], (√𝑓𝑐 ≈ 𝑓𝑐𝑡 [16]), 

fct mean value of the tensile strength of concrete [N/mm2]. 

In Eq. (2.3) ℎ𝑒𝑓
2  approximates the area of the tensioned surface in the concrete, while 1 ℎ𝑒𝑓

0,5⁄  

takes into account the size-effect [17]. This method assumes a 35° slant angle of the cone 

(contrary to the previously assumed 45°), which is based on test results [18]. Nowadays, lot of 

design guides and standards suggest this method [1], [3], [10], [19], [20]. The listed guides and 

standards differ only in the value of factor k1. 

2.3 Material tests of concrete 

Compressive strength tests of concrete cubes (Fig. 2.3 left) were done in accordance with the 

standard [21] at minimum 28 days age, at the same time when pull-out tests were done. For the 

calculation of the resistance of anchors, compressive strength values measured on cubes with 

200 mm edge size are often needed. In such cases the compressive strength corresponding to 

200 mm edge size (fc,200) was calculated from the strength of a cube with 150 mm edge size 

(fc,150) by the following formula [22]: 

𝑓𝑐,150 = 1,06 ∙ 𝑓𝑐,200. (2.4) 

Beams with dimensions 7070250 mm were used during flexural-tensile strength tests (Fig. 2.3 

middle). Tests were done according to the standard [23], at minimum 28 days age, at the same 
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time when pull-out tests were done. Beside flexural-tensile strength tests, tensile-splitting 

strength tests (Fig. 2.3 right) were also carried out, in accordance with the standard [24]. In this 

case cylindrical specimens with diameter and height 150 mm were used. Measurement of 

apparent porosity was done in accordance with the standard [25], specimens used for flexural-

tensile strength tests were used during the measurement of apparent porosity.  

   

Fig. 2.3: Test setup of concrete material tests (compressive strength, flexural-tensile strength, 

tensile-splitting strength tests) 

3. EFFECT OF THE PROPERTIES OF NORMAL CONCRETES ON 

THE BEHAVIOUR OF TENSIONED ANCHORS 

In order to examine the effects of the properties of special (fiber reinforced and thermally 

damaged) concretes on the behaviour of tensioned anchors, at first normal concrete specimens 

were tested as reference specimens. By the comparison of my results to those in the literature I 

could verify the applicability of my test setups and the results of these tests became references 

for the further tests. The total number of pull-out tests executed on normal concrete specimens 

was 109.  

Nine different mixtures of normal concrete were tested (Table 3.1.), the specimens were cast 

during 12 different occasions. The lowest measured compressive strength value (fc,150) of 

normal concrete was 32,82 N/mm2, while the highest value was 77,76 N/mm2, which shows 

that my tests covered a wide strength range of commonly applied normal concretes.  

Table 3.1.: Composition of tested concrete mixtures 

Mixture 
Aggregate [kg/m3] Cement 

[kg/m3] 

Water 

[kg/m3] 
v/c 

Admixture 

[kg/m3] 0/4 mm 4/8 mm 8/16 mm 

I. 833 463 555 410 152 0,37 6,2 

II. 833 463 556 390 160 0,41 3,9 

III. 833 463 555 365 170 0,47 2,6 

IV. 834 463 556 310 189 0,61 0,62 

V. 833 463 556 290 196 0,68 0,58 

VI. 844 469 563 300 180 0,60 0,6 

VII. 812 451 542 380 180 0,47 1,5 

VIII. 776 431 517 380 211 0,56 0,8 

IX. 878 488 585 300 150 0,50 2,1 
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3.1 Results of unconfined pull-out tests  

Typical failure mode of expansion anchors was steel failure. The main reason for that was the 

grade of the applied anchors (fu,k=400 N/mm2) and the weakened cross-section of the anchor 

(with 7,1 mm diameter) at the expansion sleeve. The mean value of the resistance to steel failure 

was 17,46 kN. 

In case of epoxy adhesive, concrete cone failure occurred in all specimens of the 12 mixtures. 

Unique resistance values as a function of compressive strength are shown in Fig. 3.1. 

 
Fig. 3.1: Unique values of resistance to cone failure as a function of compressive strength in 

case of bonded anchors with epoxy (M8 threaded rod, hef= 50 mm) 

The graph of Eq. (2.3) fits the test results well if k1=10,6 is applied (average relative deviation 

is 0,086). This value of k1 is in accordance with the values included in the design guides and 

standards, therefore it can be concluded that my test setup is applicable and my results 

confirmed that conclusions drawn from results of tests with 50 mm embedment depth can be 

extended to cases with larger embedment depth also.  

In case of vinyl ester hybrid adhesive, partial cone failure (the combination of cone failure and 

pull-out failure) was general, specimens of only two mixtures failed by full cone failure. Unique 

resistance values as a function of compressive strength are shown in Fig. 3.2 together with 

calculated and fitted curves corresponding to resistances to full and partial cone failure. 

 

Fig. 3.2: Unique values of resistance to full and partial cone failure as a function of 

compressive strength in case of bonded anchors with vinyl ester hybrid 

 (M8 threaded rod, hef= 50 mm) 
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3.2 Results of confined pull-out tests  

As bond strength of adhesives slightly depends on the compressive strength of concrete [26], 

therefore bond strength tests (confined pull-out tests) were carried out only on one mixture of 

normal concrete. Embedment depths were 40 and 50 mm, bond strength was measured during 

3-3 pull-out tests with each embedment depth. In case of epoxy resin adhesive, the specimens 

with 50 mm embedment depth failed by steel failure, so the resistance to pull-out failure was 

higher than the resistance of the steel cross-section. In the other examined cases pull-out failure 

happened, the failure occurred between the epoxy and the threaded rod, therefore bond strength 

(τu) could be calculated by Eq. (2.1). Average bond strength values of the examined bonded 

anchors are summarized in Table 3.2. 

Table 3.2: Mean value of bond strength of applied bonded anchors  

Bonded anchor Mean value bond 
strength [N/mm2] 

Standard deviation 
[N/mm2] 

epoxy + M8 threaded rod 33,97 1,81 

vinyl ester hybrid + M8 threaded rod 26,53 1,10 

4. EFFECT OF THE PROPERTIES OF FIBER REINFORCED 

CONCRETES ON THE BEHAVIOUR OF TENSIONED ANCHORS 

Fibres have an effect of the formation and propagation of cracks, therefore they also influence 

cone failure of anchors as crack bridging effect of fibres modifies the formation, opening and 

propagation of the cracks of the cone. Based on the results of [27]–[30], determination of the 

resistance of anchors installed in fiber reinforced concrete (FRC) is a significant research topic. 

It is also important to notice that published results are often contradictory, which also raises 

new questions about the effects of fiber reinforcement on the resistance of anchors. 

4.1 Concrete mixtures 

For the FRC mixtures, mixtures III. and V. of Table 3.1. were modified by the addition of steel 

and polymer fibers (Fig. 4.1). The properties and dosage of applied fibers are listed in Table 

4.1. Addition of fibres changed the consistency of the mixtures, therefore increase of the amount 

of superplasticizer admixture was needed to reach unified consistency (F4).  

   

Fig. 4.1: Applied fibres 

S1 S2 P 
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Table 4.1: Properties and dosage of applied fibres 

Sign Material 
Length 

[mm] 

Diameter 

[mm] 

Tensile 

strength 

[N/mm2] 

Density 

[kg/m3] 
Shape 

Dosage Base 

mixture 
[kg/m3] [V%] 

S1 steel 50 1,0 
1000-

1200 
7850 

smooth 

surface, 

hooked 

end 

20 

30 

40 

80 

0,25 

0,38 

0,51 

1,02 

V. 

S2 steel 12 0,2 3000 7850 

smooth 

surface, 

straight 

40 

80 

0,51 

1,02 
V. 

P polymer 50 0,5 618 910 

roughene

d surface, 

straight 

3 

4,5 

6 

0,33 

0,49 

0,66 

III. V. 

4.2 Pull-out tests 

Behaviour of anchors installed in FRC was examined by unconfined pull-out tests, because this 

test method allows the formation of concrete cone failure which may be affected by the fibres. 

In case of anchors installed in FRC 3-3 specimens were tested for each fiber type, dosage and 

concrete strength, which meant 113 pull-out tests altogether. 

All of the tested expansion anchors failed by steel failure, the resistance values were around 

17 kN, similarly to the values measured in case of normal concretes. The failure mode was steel 

failure and not concrete cone failure therefore direct effects of fiber content could not be 

analysed in this case. 

Fig. 4.2 shows the unique resistance values of bonded anchors with epoxy installed in FRC 

with steel fibres with hooked end (type S1). The results show that the failure mode changed 

from full cone failure to partial cone failure when 80 kg/m3 fiber content was used. However, 

we can state that in case of the applied embedment depth (hef= 50 mm), fiber type (S1) and fiber 

contents (20, 30, 40, 80 kg/m3) the resistance of anchors did not change compared to the 

resistance of anchors installed in normal concretes. 

 

Fig. 4.2: Unique resistance values of bonded anchors with epoxy installed in FRC with S1 

type steel fibres as a function of compressive strength (M8 threaded rod, hef= 50 mm) 
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Fig. 4.3 shows the unique resistance values of bonded anchors with epoxy installed in FRC 

with straight steel fibres (type S2). The results show that the failure mode changed from full 

cone failure to partial cone failure when 40 kg/m3 or 80 kg/m3 fibre content was used and in 

these cases the resistance increased significantly. The reason for this is that in case of the same 

fiber content larger number of shorter and thinner fibres are mixed into the concrete therefore 

the number of effective fibres that contributes in the crack bridging is higher. 

 

Fig. 4.3: Unique resistance values of bonded anchors with epoxy installed in FRC with S2 

type steel fibres as a function of compressive strength (M8 threaded rod, hef= 50 mm) 

In case of FRC with polymer fibres (type P) neither the resistance, nor the failure mode of 

anchors with epoxy changed (Fig. 4.4). This shows that in case of cone failure not only the 

amount but also the tensile, bending and shear stiffness of fibres can have a significant effect. 

The polymer fibers could not increase the resistance because of their low stiffness.  

 

Fig. 4.4: Unique resistance values of bonded anchors with epoxy installed in FRC with P type 

polymer fibres as a function of compressive strength (M8 threaded rod, hef= 50 mm) 

In case of anchors with vinyl ester hybrid adhesive installed in FRC with steel fibres with 

hooked end (type S1) and with the applied fiber contents (20, 30, 40, 80 kg/m3), neither the 

resistance nor the failure mode changed compared to anchors installed in normal concretes.  

Fig. 4.5 shows the unique resistance values of bonded anchors with vinyl ester hybrid installed 

in FRC with short straight steel fibres (type S2). It is visible that contrary to what was seen in 
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case of anchors with epoxy, in this case the fiber content did not influence the resistance. This 

can be explained by the failure mode that was partial cone failure, therefore the surface of the 

cone was much smaller than in case of full cone failure and less fibres could be activated during 

the failure. In case of epoxy the failure mode was partial cone failure also, but with a cone with 

significantly larger depth, and consequently with larger surface area crossed by much more 

effective fibres. 

 

Fig. 4.5: Unique resistance values of bonded anchors with vinyl ester hybrid installed in FRC 

with S2 type steel fibres as a function of compressive strength (M8 threaded rod, hef= 50 mm) 

In case of anchors with vinyl ester hybrid adhesive installed in FRC with polymer fibers (type 

P), neither the resistance nor the failure mode changed compared to anchors installed in normal 

concretes.  

Thesis group 1: Behaviour of tensioned bonded anchors installed in FRC [HV1], [HV2], 

[HV8], [HV9] 

Thesis 1.1 

I verified experimentally that in case of 50 mm embedment dept and the same fiber 

content (with maximum of 80 kg/m3), steel fibres with 0,2 mm diameter and  12 mm 

length have more significant effects on the resistance of tensioned bonded anchors than 

fibres with 1,0 mm diameter and 50 mm length. Resistance can increase even by 1,4 times 

in case of the applied epoxy adhesive and M8 threaded rod, which can also lead to the change 

of the failure mode. The reason for this is the different number of fibres in case of the same 

fiber content. If the dimensions of the fiber are smaller, then with same fiber content 

much more fibers are mixed into the concrete than in case of larger fibres. Consequently, 

much more fibres cross the way of the potential cracks and more fibres are activated in 

the resistance against crack opening and propagation.  

Thesis 1.2 

I verified experimentally that in case of tensioned bonded anchors with 50 mm 

embedment depth, 50 mm long macro polymer fibres with fiber content 3,0, 4,5 and 

6,0 kg/m3 do not increase the resistance of the anchor, therefore the formulae used for 
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resistance calculations of bonded anchors installed in normal concretes can be used 

without modifications. The reason for this is the lower stiffness of polymer fibers 

compared to steel fibers, which causes that polymer fiber are less able to bear shear forces.  

5. EFFECT OF THE PROPERTIES OF THERMALLY DAMAGED 

CONCRETES ON THE BEHAVIOUR OF TENSIONED ANCHORS 

Behaviour of anchors installed in thermally damaged concretes can be examined in different 

ways. The most general test method is when the whole connection is subjected to thermal load. 

In this case the steel anchor and the concrete base material (together with the adhesive if bonded 

anchors are used) are subjected to the elevated temperature. Steel anchors heat up faster 

therefore they transmit heat to the adjacent zones of concrete (and adhesive) which also heat up 

and consequently are damaged faster than without the anchor [31], [32]. In case of such tests of 

tensioned bonded anchors a certain tensile force is applied on the anchor during the thermal 

loading [33] because temperature sensitivity of adhesives leads to the failure of the bond and to 

the pull-out failure of the anchor [34].  

An other test method can be the installation and pull-out of the anchor after the thermal loading 

of the concrete specimen. This test method can be applied for the testing of anchors used during 

the strengthening of fire-damaged structures. In this case:  

- the anchor does not transmit extra heat to the concrete structure, 

- the joint is not subjected to elevated temperatures, therefore strength of the steel anchor 

and of the adhesive is not reduced. 

Based on the reviewed publications, only undercut anchors were tested in concretes previously 

subjected to thermal loading [35]. Other types of anchors were not examined, therefore in the 

thesis I applied and tested bonded anchors installed in thermally damaged concretes to see their 

resistance and failure mode. 

5.1 Concrete mixtures 

One type of concrete mixture was used, which was Mixture V. shown in Table 3.1. Tensile 

strength, modulus of elasticity and fracture energy used in the calculations were not measured 

during laboratory tests, but their values were calculated from the compressive strength 

measured on cubes of 150 mm edge length by formulae applied in the literature [10], [36], [37]. 

Measured and calculated strength properties of concrete are summarized in Table 5.1. 

Table 5.1: Strength properties of concrete at 20 °C 

Mean value of compressive strength (fc,150): 45,29 N/mm2 

Mean value of tensile strength (fct): 3,81 N/mm2 

Mean value of modulus of elasticity (Ec): 35571 N/mm2 

Mean value of fracture energy (Gf): 0,09 N/mm 
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5.2 Thermal loading 

Pull-out test specimens were subjected to a thermal load from one side using an electric furnace. 

Heating curve of the furnace is shown in Fig. 5.1. It can be seen that the heating curve of the 

furnace does not follow the standard fire curve [38], therefore the tests are not standard tests, 

however this does not influence the conclusions drawn from the results.   

 
Fig. 5.1: Temperature increase at different positions 

as a function of time  

 
Fig. 5.2: Schematic test setup for 

thermal loading  

Temperature was measured at the embedment depth and on the surface of the specimens by 

thermocouples (Fig. 5.2). Fig. 5.1 shows that temperature of the specimen increases gradually, 

but with lower rate than the temperature of the furnace. At 100 ℃ the temperature is constant 

for a short time because the water turns to vapour and starts to release from the concrete. At 

this point the temperature does not increase as the heat is used for the phase transition.  

Beside laboratory tests, numerical thermal analysis was also done by the finite element program  

ANSYS Workbench 16.2 [39] (Fig. 5.3). The main goal of the analysis was to determine the 

distribution of isotherms inside the concrete. The program solves the partial differential 

equation of transient heat conduction. The required input data included the density, specific 

heat capacity and thermal conductivity of concrete, which parameters change with temperature. 

The values were determined based on methods detailed in [40].  

 
Fig. 5.3: Numerical heat transfer simulation 

 
Fig. 5.4: Validation of the numerical model 

based on the measured test results 
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During model validation, the temperature values at the 50 mm embedment depth were 

compared, Fig 5.4 shows that temperature change in the numerical model is close to the 

measured heating curve. The figure shows that in the numerical model the constant temperature 

phase at 100°C did not occur, the reason for this is that the model contained only the temperature 

flow, a combined heat and moisture transport model was not included.   

5.3 Pull-out tests 

Pull-out tests were performed 24 hours after the installation of the anchors, and 48 hours after 

the end of the heating. Bonded anchors with epoxy and with vinyl ester hybrid adhesives were 

tested in thermally damaged concretes. Table 5.2. and Table 5.3. show the numbers of tested 

specimens for each maximum temperature value measured at the embedment depth.   

Table 5.2.: Number of confined pull-out test specimens  

Test 
Embedment 
depth [mm] 

Duration 
of thermal 

loading 
[min] 

Temperature at 
the embedment 

depth [°C] 

Epoxy [num. of 
specimens] 

Vinyl ester 
hybrid [num. 
of specimens] 

0 
40 

0 
20 3 3 

50 20 3 3 

1 
40 

120 
240 3 3 

50 200 4 4 

2 
40 

190 
340 3 3 

50 300 3 3 

3 
40 

370 
450 3 3 

50 400 3 3 

Total  25 25 

 

Table 5.3.: Number of unconfined pull-out test specimens  

Test 
Duration of thermal 

loading [min] 
Temperature at the 

embedment depth [°C] 
Epoxy [num. of 

specimens] 

0 0 20 3 

1 120 200 3 

2 190 300 3 

3 370 400 3 

Total  12 

 

5.3.1 Bond of adhesives in thermally damaged concretes (confined pull-out tests) 

Pull-out failure was the typical failure mode during confined pull-out tests, except for the case 

of bonded anchors with epoxy, 50 mm embedment depth and without thermal load, when steel 

failure occurred. In order to have comparable results, for the cases when steel failure occurred, 

resistance to pull-out failure was calculated by Eq. (2.1). 

Fig. 5.5 and Fig. 5.6 show the measured resistance values of bonded anchors with epoxy and 

with vinyl ester hybrid, respectively.  
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Fig. 5.5: Unique resistance values of 

bonded anchors with epoxy as a function of 

the max. temperature measured in the 

embedment depth (some points overlap) 

 

Fig. 5.6: Unique resistance values of bonded 

anchors with vinyl ester hybrid as a function 

of the max. temperature measured in the 

embedment depth (some points overlap) 

The decrease of the resistance with increase of maximum temperature can be explained by the 

failure mode of the anchors. Partial cone failure occurred during all the 3 types of thermal loads. 

At the lower part of the anchorage the adhesive failed, while in the upper part failure occurred 

in the concrete. On the contrary, in case of specimens without thermal load, pull-out failure 

occurred only in the adhesive. Method of partial cone failure can be seen in Fig. 5.7 and Fig. 

5.8. The figures show that failure of aggregates and not only of the cement stone happened. 

From this we can conclude that adequate bond could form between the adhesive and the 

concrete, but because of the degradation of concrete, the base material could not bear the 

transmitted load.  

 

Fig. 5.7: Partial cone failure in thermally 

damaged concrete in case of epoxy (Test1, 

M8 threaded rod hef=50 mm) 

 

Fig. 5.8: Partial cone failure in thermally 

damaged concrete in case of  vinyl ester 

hybrid (Test1, hef=50 mm) 

5.3.2 Concrete cone failure in thermally damaged concretes 

Full cone failure occurred during all unconfined pull-out tests of bonded anchors installed in 

thermally damaged concretes (Fig. 5.9). From the nine tested cases, two cones fell apart after 

the test, but the geometry of the other cones could be measured. From the measurement of the 

slant angles I concluded that in case of the applied thermal loads, slant angles of the concrete 

cones were between 31°-40° (mean value: 34,2°, standard deviation: 3,4°). 
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Fig. 5.9: Full cone failure in thermally damaged concrete  

Reference specimens showed brittle failure during the unconfined pull-out tests (Fig. 5.10) as 

after an intensive initial increase the force reached its peak value and then decreased fast, while 

the displacements were small. Decrease of resistance with increase of thermal load can be seen 

on the force-displacement curves of thermally damaged concrete specimens. With increase of 

thermal load the curves flatten which means that larger deformations corresponded to failures. 

Fig. 5.11 shows the resistance values of the anchors as a function of temperature, we can see 

that resistance decreased as the thermal load increased. 

 

Fig. 5.10: Typical force-displacement 

curves (the temperature values correspond 

to the embedment depth) 

 

 

Fig. 5.11: Unique resistance values as a 

function of the max. temperature measured in 

the embedment depth (hef=50 mm, some 

points overlap) 

5.4 Determination of the load bearing capacity 

In order to follow and compare the result of the laboratory tests, the formulae used for the 

calculation of cone failure (see: Section 2.2) were applied. These formulae do not include the 

effect of different strength properties in different layers of concrete, therefore their modification 

was needed. Strength properties in different layers were determined by the equations published 

in [35], [40]–[44], which include the change of strength properties as a function of temperature 

(Fig. 5.12). Temperature values in different layers were determined by the distribution of 

isotherms in the numerical model.  
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Fig. 5.12: Relative strength properties of concrete as a function of temperature 

In my calculation layers of the concrete cone were examined, average strength properties were 

determined in each layer and then a weighted average was calculated for the full cone. The used 

weights were the ratios of the lateral surface areas of each part to the lateral surface area of the 

full cone:  

𝑓𝑐,200
∗ = ∑ 𝑓𝑖

𝑛
𝑖=1 ∙

𝐴𝑖

𝐴
, (5.1) 

where: 

fi strength property of one layer of the cone (average of two values on the edges), 

Ai lateral surface area of one layer of the cone, 

A lateral surface area of the full cone. 

Fig. 5.13 shows the components of Eq. (5.1). 

By this calculation method I could take into account the different strength properties in the 

different layers by which Eqs. (2.2) and (2.3) could be modified. Equation (2.3) includes the 

approximation of the tensile strength as √𝑓𝑐 ≈ 𝑓𝑐𝑡, therefore this formula was used in two ways: 

one including the compressive strength and an other including the tensile strength. Results of 

my calculations are shown in Fig. 5.14, the results are evaluated in Thesis 2.3. 
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Fig. 5.13: The calculation of the modified concrete strength values used for the calculation of 

cone failure 

 

Fig. 5.14: Relationship between the residual resistance and the temperature in the embedment 

depth (hef=50 mm), experimental and calculated results 

5.5 Inverse method for the determination of a reduction factor 

My laboratory test results could be used for the inverse calculation of a simplified formula for 

the reduced resistance values.  

Since a reduction factor 𝛾t (ratio of the average measured resistance of anchors in thermally 

damaged concrete to that of anchors installed in concrete without thermal load) depends on the 

deterioration of concrete caused by the thermal load, therefore it can be characterized by the 

amount of heat that caused the damage. Fig. 5.15 shows the distribution of temperature along 

the depth and the area (H) under this curve in case of Test 1. The amount of heat the specimen 

was subjected to can be characterized by the area (H). The relationship of this area and the 

reduction factor calculated by the laboratory test results is shown in Fig. 5.16, where a linear 

relationship is visible. As a next step the same calculation method was extended to test results 

found in the literature. In the publication [35] beside resistance values, densities and description 

of thermal load tests were also included, therefore I could calculate the distribution of isotherms 

by numerical simulations. The obtained relationships are shown in Fig. 5.17. Slopes of the fitted 

lines (a) and coefficients of determination (R2) of the fits are included in Table 5.4. 
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Fig. 5.15: Temperature distribution in 

case of Test 1 and the area under the 

curve (H) 

 
Fig. 5.16: Relationship between the reduction 

factor and the area under the temperature 

distribution curve 

 
Fig. 5.17: Relationship between the reduction factor and the area under the temperature 

distribution curve in case of different measurements (own tests results and results from 

publications) 

Table 5.4: Slope and coefficient of determination of the lines fitted to the data found in the 

literature 
Compressive 

strength 
Embedment 
depth (hef) 

slope of the fitted line 
(a) 

coefficient of 
determination (R2) 

[N/mm2] [mm] [-] [-] 

52 80 -0,0000126 0,96 

52 100 -0,0000081 0,96 

20 60 -0,0000228 0,96 

20 80 -0,0000128 0,97 

20 100 -0,0000075 1,0 

63 45 -0,0000314 0,94 

63 60 -0,0000243 0,92 

63 80 -0,0000133 0,95 
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The results show that different slopes correspond to different embedment depth (Fig. 5.17) and 

that there is a linear relationship between the slope and the embedment depth (Fig. 5.18). 

 

Fig. 5.18: Relationship between the slope of fitted lines and the embedment depth  

By the two linear equations obtained, a reduction factor which depends on the thermal load and 

on the embedment depth can be calculated (see Thesis 2.4). 

 

Thesis group 2: Behaviour of tensioned bonded anchors installed in thermally damaged 

concretes [HV3], [HV4], [HV5], [HV6], [HV7], [HV10], [HV11], [HV12] 

Thesis 2.1 

I verified experimentally that adequate bond can form between the adhesives (epoxy, vinyl 

ester hybrid) and the thermally damaged concrete. Therefore, these adhesives can be used 

in case of bonded anchors installed in thermally damaged concretes, if temperature load 

does not exceed 900 °C and the concrete surface cools down slowly.  

Thesis 2.3 

By measurements of the geometry of concrete cones I verified experimentally that in case 

of concrete cone failure of bonded anchors installed in thermally damaged concretes, the 

slant angle of the concrete cone is between 31°-40°. Therefore, the slant angle of the cone 

formed in thermally damaged concrete is equal to the slant angle (35°) assumed in case of 

concretes not subjected to thermal load, if temperature load does not exceed 900 °C and 

the concrete surface cools down slowly. 

Thesis 2.3 

In order to reproduce the resistance results of the unconfined pull-out tests, the formulae 

published in [11], [13] were used for the calculation of cone failure. These formulae do not 

include the effect of different strength properties in different layers of concrete, therefore their 

modification was necessary.  
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Based on my test results, on the formulae used for the calculation of cone failure and on 

the modification of the strength properties by calculating the weighted average properties 

by using the lateral surface area of cone slices as weights and by taking into account the 

distribution of isotherms in different layers, I concluded that:  

- the formula using the compressive strength qualitatively follows the tendency of 

the measured results, but significantly overestimates them, therefore it cannot be 

used for the determination of the resistance to cone failure without further 

consideration, 

- the formula using the modulus of elasticity and fracture energy of concrete does 

not follow qualitatively the tendency of the measured results, therefore it cannot 

be used for the determination of the resistance to cone failure in thermally 

damaged concretes without further consideration, 

- the formula using the tensile strength qualitatively follows the tendency of the 

measured results and underestimates them, therefore this formula can be used for 

the determination of the resistance to cone failure. 

Thesis 2.4 

A simplified formula containing a reduction factor can be used for the determination of the 

resistance to full cone failure. The reduction factor 𝛾t depends on the deterioration of concrete 

caused by the thermal load, therefore it can be characterized by the temperature distribution 

along the depth (by the amount of heat intake), and it is also affected by the embedment depth. 

Based on my own and other test results found in the literature [35] (altogether 12+60=72 test 

results) the reduction factor can be calculated by the following formula if the temperature load 

does not exceed 900 °C and the concrete surface cools down slowly:  

𝑁𝑢,𝑐,𝑡
0

𝑁𝑢,𝑐
0 = 𝛾𝑡 = 1 − (490 − 4,5 ∙ ℎ𝑒𝑓) ∙ 10−7 ∙ 𝐻, (5.2) 

where: 

N0
u,c,t resistance to full cone failure in thermally damaged concrete [N], 

N0
u,c resistance to full cone failure in normal (not thermally damaged) concrete [N], 

𝛾t reduction factor [-], 

hef embedment depth (in mm), 

H    area under the temperature-depth curve (in mm°C). 

Based on own test results and test results found in the literature I developed a method for 

the determination of a reduction factor by which the resistance to full cone failure in case 

of bonded anchors installed in thermally damaged concretes can be calculated from the 

resistance corresponding to normal (not thermally damaged) concretes. The reduction 

factor can be calculated from the temperature distribution along the depth and from the 

embedment depth. In the examined 72 test results the average relative difference between 
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the resistances calculated by the reduction factor and the measured resistances was 0,139 

therefore the calculation method is adequately applicable. Advantage of the method is that 

if the resistance in concrete without thermal load and the distribution of isotherms during the 

thermal loading are known then the resistance in thermally damaged concrete can be calculated. 

Its limit is that it can be applied only if the thermally damaged zone includes the total 

embedment depth, because the reduction factor does not take into account the resistance of the 

undamaged zones. 

6. APPLICABILITY OF THE NEW SCIENTIFIC RESULTS 

The results of my PhD thesis extend the knowledge of the behaviour of anchors installed in 

fiber reinforced and thermally damaged concretes. 

I showed that in case of the same fiber content, steel fibres with smaller diameter and length 

have more significant effects on the resistance of tensioned bonded anchors than fibres with 

larger diameter and length. This effect can be important in case of the calculation and design of 

anchors. My further results proved that macro polymer fibers (with length 50 mm, embedment 

depth 50 mm and dosage 3,0-6,0 kg/m3) do not have an effect on the resistance of anchors 

therefore the formulae used for normal concretes can be used for the determination of the 

resistance in case of 50 mm embedment depth.  

I verified that adequate bond can form between the adhesives (epoxy, vinyl ester hybrid) and 

the thermally damaged concrete, therefore these adhesives can be used in case of bonded 

anchors installed in thermally damaged concretes if the temperature load does not exceed 

900 °C and the concrete surface cools down slowly. My results showed that the formula used 

by the CC-Method which includes the compressive strength cannot be applied in case of 

thermally damaged concretes because the compressive strength is less sensitive to elevated 

temperatures than the tensile strength. I also developed a reduction factor method for the 

determination of the resistance to cone failure from the embedment depth and the temperature 

distribution along the depth.   

The collected literature and the presented test results can be used for educational purposes. 

7. FURTHER RESEARCH PLANS 

In my PhD thesis, behaviour of anchors installed in fiber reinforced and thermally damaged 

concretes were analysed. There are several further research possibilities and still open questions 

concerning both topics.  

Regarding anchors installed in FRC, extension of the tests to larger embedment depth, but with 

same fiber content seems to be beneficial. By the application of larger embedment depth 

derivation of a fiber length-fiber content-embedment depth relationship will be possible which 

can be important in case of the resistance calculation of anchors installed in FRC. Design 

methodology for the resistance of anchors installed in FRC can be also supported by numerical 

simulations. Beside finding the correct software, the method for the modelling of fibers is also 

important. It is commonly used that effect of fibers is taken only account by modification of the 
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fracture energy [45], [46], however this method cannot take into account the effects of fiber 

orientation and homogenizes the effect of fibres in the total cross-section. Distribution of fibers 

can be taken into account by modelling discrete fibers [47], in this case distribution of fibers 

can be random or the exact distribution and orientation can be modelled by application of CT 

(Computed Tomography) scan images. 

Regarding anchors installed in thermally damaged concretes, numerical simulations and virtual 

tests can be later used for confirmation of the developed reduction factor calculation method. 

The main problem with numerical analysis of heating and cooling is the analysis of the cooling 

phase, because two different parameters (the original and the residual) should correspond to the 

same temperature.  
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