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ABSTRACT (English) 

This dissertation investigates the fatigue behaviour of anchorages with special focus on the concrete 

cone failure and presents a fatigue design concept that may support the extension of the current design 

provisions. 

Chapter 1 and Chapter 2 introduces the fastener types used in constructive fastening technology and 

show some fatigue relevant applications. The load-transfer mechanisms, the different installation tech-

niques and the different failure modes of fasteners are described in Chapter 2. 

Chapter 3 provides a comprehensive literature review. The literature review can be split into two parts. 

The first part discusses the fatigue behaviour of concrete and steel at the material level by presenting 

the main findings related to the different influence factors. Those findings at the material level were 

outlined which may be important to emphasize when considering the fatigue design of fasteners. The 

second part of the literature review focuses on the fatigue behaviour of fasteners. The experimental 

works done in the field of fastening technology were summarized and the existing design proposals were 

also reviewed. 

Chapter 4 discusses open questions and the scope of this dissertation. The literature review showed that 

there is a need to systematically evaluate influence factors such as concrete strength, embedment depth, 

various minimum loads and test frequency. This is required for the development of a more advanced 

design concept for concrete cone failure under fatigue loading. 

In Chapter 5, the development of a new evaluation method is presented, which can predict the fatigue 

life of fasteners in case of concrete breakout failure using the combination of experimental data and non-

linear numerical cyclic analysis. The new method is based on the Paris-Erdogan law, which is the most 

widely used approach for the determination of the crack growth rate in ferrous materials. Instead of 

using the stress intensity factor, the new model uses the ratio the hysteresis areas. After the model is 

calibrated with one dataset, it is capable to determine mean and characteristic Wöhler-curves at different 

minimum loads. It was shown in Section 5.2.2 that the new method delivers reliable and robust results 

after calibration with two independent datasets. 

The second part of Chapter 5 presents and discusses the results of the executed experimental investiga-

tions. Within the framework of this dissertation, 96 fatigue tests were carried out. This includes 51 con-

stant amplitude pulsating tension test, 15 non-constant amplitude programme loading tests and 30 con-

stant amplitude alternating tension-compression tests. The pulsating tension tests were executed to gen-

erate a reliable database, with which, along with existing literature data, the systematic evaluation of the 

influence factors, such as embedment depth, concrete strength, testing frequency, the various minimum 

load is possible. The programme loading tests were performed using three different block loading sce-

narios, namely with stepwise increasing, stepwise decreasing and increasing-decreasing-increasing suc-

cessive loading block. These tests were important to evaluate, whether the linear damage accumulation 

using the Miner´s sum (M ≥ 1) is safe in the design of fasteners in case of concrete failure. The alternat-

ing tension-compression tests were performed to investigate the influence of compressive load reversals 

on the concrete cone capacity. For the alternating tension-compression tests a new loading fixture and 

test setup were designed to introduce centric tension into the fasteners and centric compression into the 

concrete. The significant decrease of the fatigue life of concrete was observed as a consequence of rel-

ative small compressive minimum loads compared with the results under pulsating tension. The results 

– both pulsating tension and alternating tension-compression – were compared with existing literature 

data for uniaxially loaded concrete. It was found the results on the concrete cone are slightly better in 



 

pulsating tension as well as under alternating tension-compression. For the better understanding of this 

phenomenon, the fracture mechanics of the uniaxial fatigue loaded concrete, and the fracture mechanics 

of the fatigue loaded fastener (concrete cone) was discussed in detail. The explanation for the better 

fatigue performance of the concrete cone may be the “grading-effect”, according to which the resulting 

stresses are decreasing at the crack tip of the concrete cone.  

In the second half of Chapter 5, a joint database was made containing altogether 167 results, which all 

correspond to concrete cone failure as a result of fatigue loading. The different influence factors were 

systematically evaluated. It was found that the reduced embedment depth may negatively influence the 

fatigue life of fasteners in case of concrete cone failure. This may be explained by the scatter of the 

concrete properties near to the surface. The evaluation suggests the introduction of the factor βemb, which 

could reasonably take the actual embedment depth into account. The evaluation shows that the change 

in fatigue life at increased embedment depths is not significant if the embedment depth is higher than 

hef=50 mm. 

As a result of the evaluation of the influence of concrete strength on the fatigue life of the concrete cone, 

the factor βstrength is proposed that accounts for the actual concrete strength. The influence of the loading 

frequency was investigated using a theoretical model. It is believed that the beneficial effect of the in-

creased loading frequency may be attributed to the rate-dependent concrete behaviour. At increased 

loading frequencies, the concrete cone capacity also increases. The increase may be expressed by the 

dynamic increase factor (DIF) of the concrete. It was shown with a calculated example that the beneficial 

effect of the increased loading frequency is not remarkable in the frequency range of f = 8 to 20 Hz. 

Based on this and owing to the fact, that the influence of loading frequency is rather beneficial, it is 

consequently being neglected in the evaluation. The influence of different minimum and maximum 

loads was investigated using the new model. Using the new model, mean S-N relations for different 

minimum loads were determined.  

In Chapter 6, a design concept was proposed against concrete cone failure. Standard characteristic S-N 

relations were proposed for pulsating tension and for alternation tension-compression, and the design 

concept accounts for an arbitrary chosen minimum and maximum loads, for the actual concrete strength 

and for the actual embedment depth. The comparison of the derived S-N relation was finally compared 

with the proposal of the EN1992-4 to the draft of fib MC2020 fatigue design of fasteners and to the fib 

MC2010 proposal for pulsating tension. The comparison showed that the different design proposals are 

more conservative than the proposed S-N relation under pulsating tension. However, the general safety 

of the developed design concept was proven.  

 

 

 

 

 

 

 

 

 



 

  

Kurzfassung (Deutsch) 

Diese Dissertation untersucht das Ermüdungsverhalten von Verankerungen mit besonderem Fokus auf 

die Versagensart Betonausbruch und stellt ein Bemessungskonzept vor, das zur Erweiterung der beste-

henden Vorschriften dienen soll. 

Kapitel 1 und Kapitel 2 stellen die in der konstruktiven Befestigungstechnik verwendeten Befestigungs-

arten vor und zeigen typische Beispiele für ermüdungsrelevante Dübelanwendungen in der Baupraxis. 

Die Wirkungsprinzipien, die verschiedenen Montagearten und die verschiedenen Versagensarten von 

Befestigungen werden in Kapitel 2 beschrieben. 

Kapitel 3 bietet eine umfassende Literaturrecherche. Die Literaturrecherche kann in zwei Teile geglie-

dert werden. Der erste Teil behandelt das Ermüdungsverhalten von Beton und Stahl auf der Material-

ebene. Die wichtigsten Ergebnisse im Zusammenhang mit den verschiedenen Einflussfaktoren sind be-

schrieben. Es wurden anschließend die wichtigsten Erkenntnisse diskutiert, die bei der Bemessung von 

Befestigungen unter ermüdungsrelevanten Beanspruchungen zu berücksichtigen sind. Der zweite Teil 

der Literaturrecherche konzentriert sich auf das Ermüdungsverhalten von Befestigungen und auch die 

vorhandenen Bemessungsvorschläge wurden diskutiert. 

In Kapitel 4 sind die offenen Fragen und der Umfang dieser Dissertation ausführlich beschrieben. Die 

Literaturrecherche zeigte, dass es notwendig der systematischen Auswertung von Einflussfaktoren wie 

Betonfestigkeit, Verankerungstiefe, Unterlast und Prüffrequenz für die Entwicklung eines Bemessungs-

konzeptes gegen Ermüdungsbeanspruchung.  

In Kapitel 5 wird die Entwicklung einer neuen Methode vorgestellt, die die Ermittlung der Ermüdungs-

lebensdauer von Befestigungen bei Betonausbruch mit der Kombination von experimentellen Ergebnis-

sen und numerischer Analyse ermöglicht. Die neue Methode basiert auf dem Paris-Erdogan-Gesetz, 

dem am weitesten verbreiteten Ansatz zur Bestimmung des Risswachstums in Stahl. Anstatt den Stres-

sintensitätsfaktor zu verwenden, verwendet das neue Modell das Verhältnis der Hystereseflächen. Nach-

dem das Modell kalibriert wurde, ist es in der Lage, mittlere und charakteristische Wöhler-Kurven mit 

unterschiedlichen Unterlasten zu bestimmen. In Abschnitt 5.2.2 wurde gezeigt, dass das neue Modell 

nach der Kalibrierung mit zwei unabhängigen Datensätzen zuverlässige und robuste Ergebnisse liefert. 

Der zweite Teil vom Kapitel 5 präsentiert und diskutiert die Ergebnisse der durchgeführten experimen-

tellen Untersuchungen. Im Rahmen dieser Dissertation wurden 96 Ermüdungsversuche durchgeführt. 

Dazu gehören 51 konstant-amplitude Zugschwellversuche, 15 Zugschwellversuche mit variabler 

Lastamplitude (Lastkollektiv) und 30 Wechsellastversuche. Die Zugschwellversuche wurden durchge-

führt, um eine zuverlässige Datenbasis zu erhalten. Die Datenbasis soll die systematische Auswertung 

der Einflussfaktoren wie Verankerungstiefe, Betonfestigkeit, Prüffrequenz, Unterlast ermöglichen. Die 

Zugschwellversuche mit verschiedenen Lastamplituden wurden mit drei verschiedenen Belastungssze-

narien durchgeführt, nämlich mit schrittweise erhöhten Lasten, mit schrittweise reduzierten Lasten und 

mit schrittweise erhöhten und reduzierten Lasten. Diese Zugschwellversuche waren erforderlich, um die 

sichere Anwendung der linearen Schadensakkumulation mit dem Miner´s Gesetz (M ≥ 1) nachzuweisen. 

Die Wechsellastversuche wurden durchgeführt, um den Einfluss von wechselnden Drucklasten auf die 

Ermüdungslebensdauer von Betonausbruch zu untersuchen. Zu den Wechsellastversuchen wurden ein 

neues Anbauteil und ein neuer Versuchsaufbau entwickelt, um die Einleitung der zentrischen Zuglast in 

den Dübel und der zentrischen Flächenpressung in den Beton zu gewährleisten. Die Ergebnisse zeigen 

die deutlich kürzere Ermüdungslebensdauer infolge von relativ kleiner Druckspannung im Vergleich zu 



 

den Ergebnissen unter Zugschwellbeanspruchung. Die Ergebnisse - sowohl aus den Zugschwellversu-

chen als auch von den Wechsellastversuchen - wurden mit bestehenden Literaturdaten für einachsig 

belasteten Beton verglichen. Es wurde festgestellt, dass die Ergebnisse beim Betonausbruch sowohl bei 

Zugschwellbeanspruchung als auch bei Wechsellastbeanspruchung etwas über dem des einachsig be-

lasteten Betons liegen. Zum besseren Verständnis dieses Phänomens wurden die Bruchmechanik des 

ermüdungsbelasteten Betons und die Bruchmechanik des ermüdungsbelasteten Befestigungselements 

(Betonkegel) ausführlich diskutiert. Eine mögliche Begründung für das bessere Ermüdungsverhalten bei 

Betonausbruch gegenüber dem einachsig belasteten Normalbeton kann der "Grading-effect" sein, wo-

nach die resultierenden Spannungen an der Rissspitze des Betonkegels während dem fortschreitenden 

Schädigungsablauf kontinuierlich abnehmen.  

In der zweiten Hälfte vom Kapitel 5 wurde eine Datenbank mit insgesamt 167 Ergebnissen erstellt. Die 

gemeinsame Datenbank beinhaltet sowohl die neuen als auch die vorhandenen Literaturergebnisse bei 

Betonausbruch. Die verschiedenen Einflussfaktoren wurden systematisch ausgewertet. Es wurde fest-

gestellt, dass die Verankerungstiefe die Ermüdungslebensdauer von Befestigungselementen bei Beton-

ausbruch negativ beeinflussen kann. Dies lässt sich durch die Streuung der Betoneigenschaften in den 

oberflächennahen Betonbereichen erklären. Die Auswertung deutet darauf hin, dass die Einführung des 

Faktors βemb sinnvoll ist, der die tatsächliche Verankerungstiefe berücksichtigt. Die Auswertung zeigt, 

dass die Änderung der Ermüdungslebensdauer bei erhöhten Verankerungstiefen nicht signifikant ist, 

wenn die Einbindetiefe größer als hef > 50 mm ist. Die Auswertung des Einflusses der Betonfestigkeit 

auf die Lebensdauer bei Betonausbruch zeigt die Notwendigkeit für Einführung des Faktors βstrength, der 

die tatsächliche Betonfestigkeit berücksichtigt. Der Einfluss der Belastungsfrequenz wurde mit einem 

theoretischen Modell untersucht. Es wird angenommen, dass der durchaus günstige Einfluss der erhöh-

ten Belastungsfrequenz auf das ratenabhängige Betonverhalten zurückzuführen ist. Bei erhöhten Belas-

tungsfrequenzen steigt auch die Betonausbruchslast. Die ratenabhängige Erhöhung der Betonausbruchs-

last wird in der Literatur durch den dynamischen Erhöhungsfaktor (dynamic increase factor - DIF) er-

fasst. An einem berechneten Beispiel wurde gezeigt, dass die positive Wirkung der erhöhten Belastungs-

frequenz im Frequenzbereich von f = 8 bis 20 Hz nicht bemerkenswert ist. Da der Einfluss der Belas-

tungsfrequenz die Ermüdungslebensdauer eher positiv beeinflusst, wird er bei der Auswertung konse-

quent vernachlässigt. Der Einfluss von unterschiedlichen Unter- und Oberlasten wurde mit dem neuen 

Modell untersucht. Mit dem neuen Modell wurden mittlere S-N-Beziehungen für unterschiedliche Un-

terlasten ermittelt.  

 

In Kapitel 6 wurde ein Bemessungskonzept für die Ermüdung von Befestigungen bei Betonausbruch 

vorgeschlagen. Das Bemessungskonzept deckt die Anwendungen unter Zugschwell- und Wechsellast-

beanspruchung ab. Es wurde ein Ingenieurmodell entwickelt, das die charakteristischen S-N Beziehun-

gen unter beliebig ausgewählten Ober- und Unterlasten berechnet. Außerdem berücksichtigt das Be-

messungskonzept die tatsächliche Betonfestigkeit und die tatsächliche Verankerungstiefe. Die vorge-

schlagenen charakteristischen Wöhler-Kurven wurden schließlich mit dem EN1992-4, dem Entwurf des 

fib Bulletin 59 Bemessungskonzept und dem fib MC2010 (Beton) gegenübergestellt. Der Vergleich 

zeigte, dass die verschiedenen bestehenden Bemessungsvorschläge unter Zugschwellbeanspruchung 

konservativer als die neu abgeleiteten Wöhler-Kurven sind. Jedoch zeigt die Gegenüberstellung, dass 

das neu entwickelte Bemessungskonzept ausreichend sicher ist. 
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Table of symbols and abbreviations 

Latin uppercase letters (Symbols and abbrevations) 

Symbol  Description        Unit 

A  full intact cross-section       mm2 

AK  reduced load-transfer area of headed studs (also Ahead)   mm2 

C  material constant, derived from the evaluation with the new method  - 

CoV  coefficient of variation        - 

�̇�  fatigue secant modul       N/mm2 s 

Dd  ratio of the quasi-infinite fatigue strength after 106 cycles without fatigue - 

Ec  Modulus of elasticity (concrete)      N/mm2 

Ecd,min,equ  relative minimum compressive stress level (concrete fatigue design)  - 

Ecd,max,equ relative maximum compressive stress level (concrete fatigue design)  - 

Es  Modulus of elasticity (steel)       N/mm2 

F  load         kN 

Fmin  Minimum (applied) load       kN 

Fmax  Maximum (applied) load       kN 

∆G  Gmax-Gmin (difference of hystherese areas)     kNm 

Gf  fracture energy of concrete      N/mm  

Glim  hystherese area corresponding to a load cycle with ultimate load  kNmm  

Gmax   hystherese area corresponding to a load cycle with ultimate load  kNmm 

Gmin  hystherese area corresponding to a load cycle with ultimate load  kNmm 

HCF  High-cycle fatigue       - 

N  number of cycles        - 

N  tension load (in general, always clear in the context)    kN 

N0.2 Nfailure cycle number (20% of Nfailure)      - 

N0.8 Nfailure cycle number (80% of Nfailure)      - 

∆NEk  load amplitude (characterstic loads)     kN 

Nfailure  (or Nf), number of cycles at failure      - 

Ni  number of cycles to failure at stress level I     - 

∆K  Kmax-Kmin        - 

Kf  fatigue notch factor       - 

Kt  theoretical stress index       - 

Kmax  stress intensity factor related to the crack at maximum load   - 

Kmin  stress intensity factor related to the crack at minimum load   - 

LCF  abbrevation used for Low-Cycle-Fatigue     - 

M  Miner´s sum        - 

𝑀  Mean value of Miner´s sums      - 



 

  

NRi  number of cycles causing failure at the same stress level and stress range kN 

NRk,c  characteristic concrete cone resistance     kN 

NRd  design value of tension load      kN 

Nu,c  Ultimate concrete cone capacity (also Nu is used sometimes)   kN 

Nu,m  Mean ultimate concrete cone capacity     kN 

Pcr  resistance stress over the cracked area in fracture process zone  N/mm2 

Pel  resistance stress over the “intact” area in fracture process zone  N/mm2 

Pmax  Pcr + Pel          N/mm2 

R  ratio of minimum and maximum applied stress (or load)   - 

Requ  is the ratio of the minimum and maximum stress    - 

S  stress         N/mm2  

∆Sc  stress amplitude        N/mm2  

Sc,max  maximum compressive stress level      N/mm2  

Sct,max  maximum tensile stress level      N/mm2  

SHCF  Abbrevation used for Super-High-Cycle Fatigue range   - 

Smin  relative (applied) minimum stress      - 

Smax  relative (applied) maximum stress      - 

S-N  Stress-number of cycles (sometimes for relative load-number of cycles) - 

S-N-P   Stress-Number of cycles –Probability     - 

T  period time        s 

Tinst  installation torque       Nm 

VD(fc)    the load range corresponding to fatigue limit strength   kN 

∆VEk  shear load range (characteristic loads)     kN 

VEd,max  design value of the maximum shear load from the frequent combination kN 

VEd,min design value of the minimum shear load from the frequent combination at the same location, 

where VEd,max was determined      kN 

Vmax maximum shear stress from the decisive combination from permanent loads incl. prestress and 

cyclic live loads         kN 

VRd,c design value of resistance against concrete edge failure   kN 

VRk,cp design value of resistance against concrete pry-out    kN 

Vref  shear resistance of the cross-section without shear reinforcement  kN 

 

 

Latin lowercase letter (Symbols and abbrevations) 

 

a  width of loading fixture       mm 

a  cracked length of concrete cone      mm 

acl  clearance hole diameter       mm 

c  edge distance of a fastener toward the edge     mm 



 

cmin  minimum edge distance of a fastener     mm 

d  anchor diameter        mm 

d0  diameter of drilled hole       mm  

df  diameter of the clearance hole      mm 

f  Loading frequency (1/s)       Hz 

fcm,cube  mean concrete compressive strength, measured on a = 15 cm cube  N/mm2 

fctm  mean concrete tensile strength       N/mm2 

fc  mean concrete compr. strength, measured on Ø = 15 cm, h= 300 mm cylinder N/mm2 

fcd,fat  design value of the concrete fatigue strength     N/mm2 

fck  characteristic concrete compressive strength (measured on cylinder)  N/mm2 

fc  concrete compressive strength, measured on Ø = 15 cm, h= 300 mm cylinder N/mm2 

fcd,fat  design value of the uniaxial concrete strength     N/mm2 

fcm  mean concrete compr. strength, measured on Ø = 15 cm, h= 300 mm cylinder N/mm2 

fc,cube  concrete compressive strength, measured on a = 15 cm cube   N/mm2 

fcm,cube  mean concrete compressive strength, measured on a = 15 cm cube  N/mm2 

fc,Prisma  concrete strength of the concrete prism of a certain geometry   N/mm2 

fck  characteristic concrete compressive strength (measured on cylinder)  N/mm2 

fck,fat  fatigue reference compressive strength      N/mm2 

fc,rate  rate-dependent concrete strength      N/mm2 

fct  concrete tensile strength        N/mm2 

fctk,min  minimum characteristic tensile strength     N/mm2 

fctm  mean concrete tensile strength       N/mm2 

ft  concrete tensile strength       N/mm2 

fu  ultimate strength of steel       N/mm2 

fy  Yield strength of steel       N/mm2 

hef  effective anchor embedment depth      mm 

i  load level        - 

k1  to be taken from the National Annex, 0,85 is recommended for N=106  - 

lc  crack length        mm 

m  slope of the fatigue strength curve      - 

n  expected number of cycles within the service life    - 

ncalib  number of calibration curves      - 

ni  number of load cycles at level I      - 

nSi  number of acting stress cycles at a given stress level and stress range  - 

t0  concrete age at the beginning of the fatigue loading    days 

q  notch sensitivity index       - 

 



 

  

Greek symbols 

Symbol  Description        Unit  

ε0.2 Nfailure strain measured at 20 % of the total number of cycles (at 0,2·Nfailure)  -  

ε0.8 Nfailure strain measured at 80 % of the total number of cycles (at 0,8·Nfailure)  -  

εmin  maximum strain that is measured at σmax     - 

εmax  maximum strain that is measured at σmax     - 

βcc(t) coefficient (depends on concrete age and from the cement type)  - 

βconcrete  factor that accounts for the actual concrete compressive strength   - 

βc,sus(t,t0) coefficient which takes into account the effect of high mean stress   - 

βemb  Modification factor, accounts for effect of embedment depth   - 

βemb,simpl  simplified modification factor, accounts for effect of embedment depth - 

βstrength  Modification factor, accounts for effect of concrete strength   - 

γcalib  factor that accounts for the accuracy of the derived char. Wöhler-curve  - 

γEd  factor to capture the model inaccuracy during the calculation of stresses - 

δ  vertical displacement       mm 

δstat,m  mean anchor displacement at ultimate load     mm 

δu,stat  anchor ultimate static displacement      mm 

κ  loading rate        kN/s 

σcd,max,equ maximum compressive stress      N/mm2 

σcd,min,equ  minimum compressive stress      N/mm2 

σc (hef)   compressive stress (vertical) at hef      N/mm2 

σc,max  maximum compressive stress in frequent action combination   N/mm2 

σc,min  maximum compressive stress      N/mm2 

σct,max  maximum tensile stress        N/mm2 

σct,min  minimum tensile stress        N/mm2 

σc,z  compressive strength in the concrete as a result of surface compression N/mm2 

σc,┴ (hef)  compressive stress at the embedment depth (hef), component ┴ to crack  N/mm2  

σhead  head pressure        N/mm2  

σmin  minimum applied stress       N/mm2 

σmax  maximum applied stress       N/mm2 

σa  Stress amplitude        N/mm2 

Δε  strain difference (= εmax - εmin)      - 

Δσ  σmax - σmin = 2 σa        N/mm2 

∆σc  reference value of fatigue strength at N = 2·106 load cycles   N/mm2 

∆σd  constant amplitude faituge limit      N/mm2 

∆σL  fatigue cut-off limit       N/mm2 

∆σR  stress amplitude (applied)       N/mm2 



 

∆tL  cut-off limit under shear stress      N/mm2 

σm  Mean stress        N/mm2 

�̇�  Loading rate        N/mm2⸱s 

�̇�𝑚𝑎𝑥   Maximum loading rate       N/mm2⸱s 

�̇�𝑚  Mean loading rate       N/mm2⸱s 

𝜀�̇�𝑒𝑐  Secondary cyclic creep       mm/cycle 

Ø  diameter (in general)       mm 

ηc  reduction factor for the compressive stresses in the bending pressure zone - 

ηk,c,N,fat,N  ratio of characteristic and applied load (fatigue design proposal fib MC2020) - 

ηk,c,V,fat,N  ratio of characteristic and applied load (fatigue design proposal fib MC2020) - 

η1  consant used in the calculation of βemb     - 

η2  consant used in the calculation of βemb     - 

θ  theoretical angle of concrete cone      ° 

𝟆  mean loading rate       kN/s 
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1  INTRODUCTION 

With the development of high-performance materials and the better understanding of more complex 

structural details, the civil engineering structures become slenderer and subsequently, the ratio of dead 

and live loads shows a decreasing tendency. This leads to the increase of fatigue relevant live loads on 

engineering structures. Traffic loads on bridges, wind loads on offshore and onshore structures are good 

examples, where material fatigue plays an important role in the structural design and where the fatigue 

loads may present the decisive loads. Due to the increasing demand on applications with high to very-

high load cycles over the service life of structures, the fatigue research gained importance in the last 

decades. Although the literature and the current design provisions include the fatigue verification of 

various structural details of steel and concrete structures, there are still plenty fields in the structural 

engineering, where further research on the fatigue behaviour focusing on special detail problems is re-

quired.  

The reactions loads of industrial crane girders, guide rails of elevators, the reactions loads of heavy 

machinery, i.e. machines with rotary parts or industrial robotics are typical applications of the construc-

tive fastening technology, where fatigue relevant loads are transferred to the concrete using cast-in or 

post-installed fasteners (Figure 1.1). In these typical examples, the fasteners are subjected to periodically 

repeated loads due to the operation of crane, elevator, robotics or the rotation of machines, respectively. 

The fatigue relevant repeated reaction loads can be of different loading direction, frequency and load 

amplitude and the determination of the expected constant or non-constant amplitude stress range, fre-

quency as well as the number of cycles is often facing an engineering challenge. 

a)  b)  c)  d)  

Figure 1.1 Typical fatigue relevant applications of fasteners 

When fasteners are subjected to periodically or harmonically repeated fatigue relevant loads, their fa-

tigue resistance should be verified. For the verification of the fatigue resistance of the whole fastening 

system, the detailed knowledge of the fatigue behaviour of all materials and anchor parts applied in the 

load transfer mechanism is required. In this context, the fasteners are considered as a system of more 

components. In the constructive fastening technology, the fastening system consists of the concrete as a 
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base material and the steel fastener itself. The load is transferred mostly into the fasteners via threads, 

and the loads are transferred from the fasteners into the concrete via different load-transfer mechanisms. 

The different load-transfer mechanisms of fasteners are detailed in Section 2.2. Whether it is an expan-

sion-type mechanical anchor or a bonded anchor, the load-transfer mechanism has its own, “product-

dependent” pull-out characteristics, which also plays an important role in the fatigue behaviour of the 

entire anchorage system. Due to the fact, that more components are involved in the load-transfer, and 

due to the different loading directions, different failure modes exist. The different failure modes include 

the concrete cone failure, steel failure, pull-out, concrete splitting and blow-out under tension loading 

and the concrete edge, concrete pry-out and steel failure under shear loading. The different failure modes 

of fasteners under different loading directions are detailed in Section 2.5. The different failure modes of 

fasteners under the different loading directions must also be taken into account in the fatigue design. It 

must be known, whether under fatigue relevant cyclic loading, the fatigue failure of the concrete, the 

fatigue of the fastener itself of the fatigue of the bond at the interface of fasteners. 

 

 

Figure 1.2 Schematic of a single expansion anchor loaded in alternating tension-compression 

To estimate the fatigue resistance of the fastening system, the materials employed should be studied at 

the material level. A huge number of research data exists for structural plain concrete and steel, address-

ing the influence of various parameters on the fatigue behaviour. The main influencing factors with 

corresponding test results are summarised in Section 3.6 for structural concrete and Section 3.7 for 

structural steel, respectively. Furthermore, the findings gained from the various studies were evaluated 

from the specific point of view of what may be important and what may be less important for a better 

understanding of the fatigue behaviour of fasteners.  

Fasteners are subjected not only to pulsating tension and pulsating shear loads but also to alternating 

loads as well, where the minimum load is a compressive load or reversed shear load, respectively. Typ-

ical examples of the pre-positioned or in-place installations show that the component being fastened can 

induce compressive surface load on the concrete around the fastener. In this case, not the fastener itself 

is subjected to the compression, but the concrete in the vicinity of the anchor.  
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A relatively huge number of fatigue test results on plain concrete is available in the literature including 

direct and indirect tension and compression cyclic loading cases. Despite this, the results are hard to be 

transferred directly to the fasteners and thus, to conclude for their fatigue behaviour in case of concrete 

failure with enough accuracy. Fasteners generate high 3D stress concentrations in the concrete due to 

the different load transfer mechanisms. It is complicated to break down the complex 3D stresses into 

simple tensile or compressive load components and to conclude for the fatigue life based on the available 

fatigue tests.  Therefore, the determination of the Wöhler-curves for the abovementioned concrete failure 

modes in the fastening technology is required.  This dissertation begins with the introduction of the 

fasteners used in the constructive fastening technology with the different load-transfer mechanisms, 

failure modes and installation techniques, to understand, which special open questions must be addresses 

with further extensive research work. After the general description of the fasteners and their failure 

modes, an extensive literature review was carried out including the fatigue behavior of concrete and 

steel. This is followed by the existing research findings in respect to the fatigue behavior of fasteners. 

Based on the literature review, the open questions, the problem statements and scope of this dissertation 

were defined.  
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2 FASTENING SYSTEMS 

2.1 General 

This section gives an overview of the fasteners, which are suitable for safety-relevant applications in 

structural concrete. In the first part of this section, fasteners are categorized regarding their load-transfer 

mechanism; the way of installation and with regards to their installation technique. Afterwards, the dif-

ferent failure modes of the fasteners under tension and shear loading directions are described.  

2.2 Load-transfer mechanisms 

Tension loads applied on fasteners are transferred into the base material via mechanical interlock, fric-

tion, bond or via a combination of these load-transfer mechanisms (Figure 2.1) (acc. to Eligehausen et 

al. (2006)).  

a) b) c) d)  

Figure 2.1 Load transfer mechanisms of fasteners a) mechanical interlock b) friction c) bond d) 

combined bond and friction (acc. to Eligehausen et al. (2006)) 

Mechanical interlock is the load-transfer mechanism employed by headed studs, undercut anchors, an-

chor channels, concrete screws and different (cast-in) inserts. Expansion-type fasteners generate high 

lateral friction forces to transfer loads into the base material. To induce the expansion and the resulting 

friction forces, a cone is either driven or pulled into the so-called expansion sleeve. As a result, the 

expansion sleeve is pressed against the borehole, and it leads to the development of high lateral forces 

around the expansion sleeve. In the case of torque-controlled expansion anchors, the cone is pulled into 

the expansion sleeve as a result of applying an installation torque on the washer or screw. In the case of 

displacement-controlled expansion anchors, the cone is either driven into the expansion sleeve using a 

special setting tool or the sleeve is hammered above the cone.  In both cases, the result of the installation 

is that the expansion sleeve is pressed against the borehole. As a consequence of external tensile load 

on the fastener, the developed friction forces are in equilibrium with the tension load applied to the 

fastener.  
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In the case of adhesive fasteners, the tension load is transferred into the base material via adhesion and 

micro-keying. First, the load is transferred from the steel fastener (threaded rod, rebar) to the adhesive 

and secondly, the load is transferred from the adhesive mortar to concrete via adhesion. The resistance 

of the adhesive fasteners is ensured by adhesion and micro-keying on the concrete-adhesive and adhe-

sive-steel interface.  

Commercial fasteners use one or the combination of the above-described load-transfer mechanisms. A 

typical example for the combined load-transfer mechanism is the bonded-expansion anchor, where ten-

sion loads are transferred into the concrete via adhesion and friction (Figure 2.1d). The friction forces 

in this latter case are developed due to the cone-shaped geometry of the anchor rod.  

2.3 Cast-in-place and drilled in post-installed fastening systems 

Regarding the way of installation, fasteners can be classified as cast-in-place or post-installed systems. 

The post-installed fasteners can be further divided into drilled-in and direct installation (power actuated) 

systems. In the following, only the cast-in and drilled-in post-installed systems are described in detail.  

Cast-in-place fasteners are placed into the concrete formwork prior to concreting whereas post-installed 

systems are installed into the hardened concrete. The position of the cast-in-place fasteners must comply 

with the layout of the reinforcement, and if certain conditions are fulfilled, the contribution of supple-

mentary reinforcement in the load transfer can be taken into account in the design. The poured fresh 

concrete encapsulates the fastener, and the bearing interlock between the fastener and the concrete is 

achieved during the hardening of concrete. All cast-in-place fasteners transfer loads into the concrete 

through mechanical interlock. However, mechanical interlock can also be achieved with post-installa-

tion. A specially designed drilling bit can create a reversed conic shaped drilled hole in the concrete. 

The so-called undercut anchors are being set into these conic shaped drilled holes and employ mainly 

mechanical interlock for load-transfer. Note that the developed lateral forces during the installation of 

undercut anchors are significantly lower than those of expansion anchors.   

The greatest advantage of post-installed systems is the flexibility when choosing the position of the 

fixing point in the hardened concrete, whereas the position of inserts in the case of cast-in systems in 

the concrete member is subject to preliminary planning. Although the position of anchor channels must 

be known prior to concreting, the position of the special screw can be varied along the longitudinal axis 

of the channel.  

Note that the required verifications of fastener resistances according to, e.g. EN 1992- 4 are restricted 

to the verification of the local load transfer between the fastener and the base material. Besides the 

verification of the fastener, the fastener reactions loads are to be considered as external loads on the 
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structural elements, i.e. on beams, slabs in which they are installed, and the resistance of the structural 

element must be verified according to the corresponding design standard.  

Post-installed systems can be either drilled-in or directly installed systems. The installation process of 

the drilled-in systems begins with the preparation of boreholes with an adequate drilling machine and 

drilling method, whereas the direct installation systems do not require the preparation of the borehole in 

the base material, i.e. these fasteners are installed using a special installation gun tool and mostly using 

high impact energy.  

Typical examples for cast-in systems are anchor channels, headed studs, lifting inserts such as cast-in 

cable loops, hooks with threaded sleeves. Note that the lifting inserts are subjected to transient loads and 

are not discussed in detail in this PhD Thesis. Typical examples for post-installed systems are torque or 

displacement-controlled expansion anchors, undercut anchors, concrete screws, bonded anchors and 

bonded expansion anchors. Typical examples for both systems are shown schematically in Figure 2.2-

Figure 2.6. 

a) b)  c)  

Figure 2.2 Typical cast-in-place fastening systems a) anchor channel b) group of headed studs c) 

transport anchor with swaged threaded sleeve (own illustration) 

 

Figure 2.3 Post-installed fasteners – torque controlled expansion anchors: principal and 

schematic products (own illustration) 
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Figure 2.4 Post-installed fasteners – displacement controlled expansion anchor (own illustration) 

a) b)  

Figure 2.5 Post-installed fasteners a) concrete screw b) undercut anchor (own illustration) 

 

a) b)  

Figure 2.6 Post-installed fasteners a) bonded anchor b) bonded expansion anchor (torque-

controlled bonded anchor) (own illustration) 

Regarding the installation technique of post-installed anchors, a distinction can be made between pre-

positioned, in-place and stand-off installation (Figure 2.7). The different installation techniques inher-

ently determine the sequence of the installation steps, and furthermore, it coheres with the relation of 

the diameter of the drilled hole (d0) and the diameter of the clearance hole (df) in the component being 

fastened.  

The pre-positioned installation begins with the preparation of the drilled hole, which is followed by the 

anchor setting and the component being fastened in the last step. The diameter of the drilled hole is 
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typically greater than the clearance hole in the component (d0 > df). Special attention must be paid on 

the precise hole-arrangement during anchor installation to avoid incompatibility problems with the given 

hole-arrangement in the component. 

In the in-place installation, the component which is being fastened usually serves as a drilling template 

and the installation steps such as drilling, borehole cleaning, anchor setting are performed through the 

component. The clearance hole diameter in the component is greater or equal to the diameter of the 

borehole. In the case of the stand-off installation, that component is mounted at a given distance from 

the concrete surface, and basically, there is no general relation between the diameter of the clearance 

hole and borehole diameter. Typical examples for pre-positioned installations are the bonded anchors, 

undercut anchors with internal threaded rods and typical in-place installation is common for concrete 

screws, torque-controlled expansion anchors.   

a) b) c)  

Figure 2.7 Installation technique a) pre-positioned b) in-place c) stand-off 

2.4 Loading directions  

Tension, shear, and mostly combined tension and shear loads are expected throughout the service life 

of the fasteners. Furthermore, the shear loads can be applied with or without lever-arm causing addi-

tional bending moments in the fasteners. Note that due to the thickness of the anchor base plate a certain 

level-arm is always present. The expected loading directions on the fasteners must be known on the 

fasteners. This applies even under static and cyclic loads. The installation technique determines whether 

the anchor can be loaded in tension or in compression and it can also be foreseen whether the shear load 

is applied with lever arm or without lever arm.  

In pre-positioned and in-place applications fasteners are used either as single anchors or as multiple 

anchors in a group. In these applications, the tension, shear or combined tension and shear loads are 

transferred indirectly into the fasteners through a fixture or through the attached component. Typical 

examples for the stand-off applications are fastenings of façades, where both tension and compression 



 

FASTENING SYSTEMS 19 

 

  

loads combined with shear loads are expected throughout the lifespan. The alternating tension-compres-

sion loads can be caused by wind pressure and wind suction. In such applications, it is required to design 

the fastener in such a way that both the compression and tension loads can be transferred into the base 

material. When using post-installed expansion anchors, it may be necessary to use washers on the con-

crete surface as it is depicted on Figure 2.7c to allow the transfer of compressive loads into the base 

material and thus to avoid the loading of the fastener in compression. However, bonded anchors may 

take up compression loads as well. However, this must be taken into account in the design. In pre-

positioned and in-place applications the anchor itself is not subjected to compression. Here, the com-

pressive loads are transferred directly to the concrete by surface compression on the concrete-steel fix-

ture interface. In the design, according to the Concrete Capacity Design (CCD) Method (Fuchs et al. 

(1995)), the inclined loads on single fasteners or on anchor groups are split up into shear and tension 

loading components, and the resistance of the different failure modes under tension and shear loading 

are being verified separately. The decisive resistances are taken from tension and shear and depending 

on the decisive failure modes under tension and shear; the interaction is to be verified using the corre-

sponding linear, trilinear or circle shaped interaction formulas. The verification of the interaction of 

shear and tension is described in EN 1992-4:2018. 

2.5 Failure modes of fasteners 

Although fasteners transfer the loads into the base material via different load-transfer mechanisms, they 

exhibit similar failure modes making them comparable in design. The different failure mechanisms of 

fasteners are described in detail in Eligehausen et al. (2006). In the following subsections, the observed 

failure modes of fasteners under static tension and shear loads are described. Note that the following 

section does not include the description of the different (additional) failure modes of anchor channels. 

According to Lotze (1993), the failure modes of fasteners under fatigue loading are identical with those 

under static or quasi-static loading. Note that the failure mechanism, which leads to the material fatigue 

is; however, different.   

2.5.1 Failure modes of fasteners under tension 

Under tension loading different concrete failure modes can be observed, namely concrete cone, concrete 

edge, concrete blow-out and concrete splitting failure. It is a generally accepted approach, to associate 

the concrete cone failure under tension loading with a concrete tensile failure. According to this way of 

interpretation of the failure mechanism, the high stresses in the load transfer area of fasteners leads to 

plasticization of the concrete. Perpendicular to the trajectory lines circumferential cracks initiate at al-

ready 20-40% of the ultimate concrete cone capacity (Ožbolt, Eligehausen (1990)). By increasing ten-

sion load on the fastener, the circumferential microcracks propagate and thus the activated fracture area 
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increases as well. The crack propagation results in the reduction of tensile stresses at the crack tip and 

in the case of static loading, the tensile stresses on the crack tip are once in equilibrium with the tension 

applied on the fastener. With further increase of the tension load on the fastener, excessive cracking 

occurs, and the ultimate concrete cone capacity is achieved at approximately 40-50 % of the total con-

crete cone length (Eligehausen & Sawade (1989)) (Figure 2.8).  

 

Figure 2.8 Relative tension load as a function of relative crack length (Eligehausen, Sawade 

(1989)) from Eligehausen et al. (2006) 

After exceeding the ultimate load level, a concrete cone breakout body forms (Figure 2.9a). Based on 

numerous pull-out tests, the average angle of the initial crack of the concrete cone to the concrete surface 

is 35°, and the diameter of the breakout cone is about 1,5·hef, accordingly. However, this angle may be 

flatter when using shallow anchor embedment depths and may be steeper with increasing the embedment 

depths (Pusill-Wachtsmuth (1982)). When the spacing between the adjacent anchors of an anchor group 

is less than 3·hef, the developing adjacent concrete cones overlap each other, and one common concrete 

breakout body develops (Figure 2.9b). Depending on the distance to the concrete edge, concrete edge 

failure and concrete blow-out is also possible under tension loading (Figure 2.9d). Splitting failure can 

occur due to insufficient thickness of the concrete member or insufficient edge distance. During splitting 

failure, the full concrete cone capacity cannot be achieved, and therefore the splitting resistance is less 

than the concrete cone capacity under the same conditions (Figure 2.10).  

In the case of bonded anchors, if the bond strength of the mortar is exceeded, bonded anchors fail by 

pull-out. Note that a distinction is made between three pull-out failure modes in the case of bonded 
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anchors, namely the bond failure on the concrete - bond interface, bond failure on the steel - bond inter-

face and combined failure on both interfaces (Figure 2.11). In most cases, one should speak about a 

combined pull-out and concrete cone failure. Typically, the pull-out failure is combined with a concrete 

cone close to the surface, which originates at a depth of 1·d (Meszaros (2001)) and 2·d-3·d (Eligehausen 

et al. (1997)). 

In the case of expansion anchors, two typical pull-out failure modes are distinguished, namely the pull-

out failure of the complete fastener or pull-out failure without expansion sleeve, the so-called pull-

through failure (Figure 2.12). This latter means that the cone is pulled through the expansion sleeve and 

the expansion sleeve remains in the borehole after failure. Note that headed studs can also exhibit pull-

out failure if the high compressive stresses exceed the concrete compressive strength on the load-transfer 

area and it induces local concrete failure. Fasteners can fail by steel failure if the ultimate steel strength 

of the fastener is exceeded (Figure 2.13).  

a) b) c)  

d)  

Figure 2.9 Concrete breakout failure modes under tension loading a) concrete cone b) concrete 

cone in the case of anchor group c) concrete cone in the case of anchor group d) concrete edge 

and local concrete cone failure (blow-out) (own illustration based on Eligehausen et al. (2006)) 

a) b)  

Figure 2.10 Concrete splitting failure modes under tension loading (own illustration based on 

Eligehausen et al. (2006)) 
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Figure 2.11 Pull-out failure modes of bonded anchors a) failure at the interface between concrete 

and adhesive b) failure at the interface between steel and adhesive c) combined bond failure 

(own illustration based on Eligehausen et al. (2006)) 

a) b)  

Figure 2.12 Pull-out failure modes of expansion anchors a) pull-out b) pull-through (own 

illustration based on Eligehausen et al. (2006)) 

 

Figure 2.13 Steel failure under tension (own illustration based on Eligehausen et al. (2006)) 

2.5.2 Failure modes of fasteners under shear loading 

Under shear, loading fasteners can exhibit different failure modes. Fasteners loaded in shear close to the 

edge can fail by concrete edge failure. According to the experiences, the breakout body is 3·hef in width 

and 1,5·hef  high. Due to insufficient thickness of the member, due to the presence of another edge or in 

slender and narrow concrete members the formation of the full-size breakout body is disturbed. The 

different concrete edge failures are shown in Figure 2.15. Similar to the concrete breakout failure modes 

under tension loading, the concrete breakout failure modes under shear loading (concrete edge, pry-out) 

are also considered as concrete tension failure, and they occur after the concrete tensile strength is being 

exceeded. When fasteners are located far from the edge and are subjected to shear load, they can exhibit 

concrete pry-out, local concrete failure and steel failure. 
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a) b)  

Figure 2.14 Concrete edge failure modes under shear loading a) concrete edge failure of single 

fastener b) concrete edge failure of an anchor group  (own illustration based on Eligehausen et 

al. (2006)) 

a) b) c)  

Figure 2.15 Concrete edge failure modes under shear loading (own illustration based on 

Eligehausen et al. (2006)) 

a) b)   

Figure 2.16 Concrete failure modes of fasteners under tension, far from the concrete edge a) 

concrete pry-out b) local concrete failure (own illustration based on Eligehausen et al. (2006)) 

 

Figure 2.17 Steel failure under shear loading (own illustration based on Eligehausen et al. 

(2006)) 
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3 STATE OF THE ART - FATIGUE 

3.1 General 

When fasteners are subjected to repeated loads, their fatigue resistance must be verified. The different 

failure modes of fasteners under tension and shear loading for static and repeated loading conditions 

were described in the introduction. A fastener in the structural fastening technology consists of the steel 

fastener and the base material (concrete). Furthermore, fasteners may include plastic parts or adhesive 

in the case of bonded anchors. The detailed knowledge of all materials and anchor parts employed in 

the load transfer is necessary to assess the fatigue life of the entire fastening system. For the fatigue 

design of the fasteners, the failure governing S-N (Stress – Number of cycles or σ-N) curve of all mate-

rials (including the different failure modes) must be determined.  

 

Figure 3.1 Schematic of the load transfer 

In the first part of this chapter, the different dynamic loading types are presented. This is followed by 

the detailed description of the terminologies used in fatigue engineering as well as the development of 

the common graphic interpretation methods of fatigue behaviour. Afterwards, a comprehensive litera-

ture review of the fatigue behaviour was conducted at the material level, which summarizes the main 

influencing factors on the fatigue behaviour of concrete, steel and bond. This is followed by the presen-

tation of the existing results of fatigue tests performed on fasteners. A further section contains the sum-

mary and comparison of the existing fatigue design guideline proposals for fasteners and discusses those 

limitations. The summary of the literature review is given at the end of this chapter.  

3.2 Dynamic loading 

In contrast to static or quasi-static loads, dynamic loads are characterised by non-constant loads or 

stresses, where the load varies in terms of amplitude, frequency and phase. In general, the dynamic loads 

are categorised as harmonic, periodic, transient or impact loading (Table 3.1). Harmonic loading actions 

can be originated from for instance machines with rotary parts and are generally characterized by nearly 

sinusoidal load-time function. Periodic loading actions are originated from wind loads, traffic loads, 
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waves or machines. Transient loading actions are caused by earthquakes and impact loads can be origi-

nated from explosions, car collisions.  

Table 3.1 Dynamic loads 

 

Generally, the harmonic and periodic load actions are associated with high cycle numbers and relatively 

low load amplitudes, whereas transient and impact loads are expected to occur only a limited number of 

times over the service life of a structure. It is accepted to consider harmonically and periodically repeated 

cyclic loads as fatigue loads in structural engineering. In this PhD work, only the fatigue relevant loads 

are discussed.  

 

Figure 3.2 Fatigue load spectrum (Hsu, 1981) 
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The expected number of load cycles originated from different actions over a service life of civil engi-

neering structures is summarised in Figure 3.2 by Hsu (1981). With respect to this, a distinction is pro-

posed between low-cycle (LCF), high-cycle (HCF) and super-high cycle fatigue. Although the transition 

points between these cycling ranges cannot be determined exactly, it is accepted to take 102 and 107 

between LCF and HCF and between HCF and SHCF respectively. Note that these transition points are 

rather arbitrary limits. They may be used to indicate the expected range of load cycles on a structure 

roughly.  

3.3 Fatigue terminologies 

During fatigue loading tests, the tested object is subjected to cycling loading. The cyclic load changes 

continuously between a lower stress (Ϭmin) and an upper stress (Ϭmax) with a stress amplitude equal to 

(Ϭmax - Ϭmin)/2. This is shown in Figure 3.3. The applied stress range is defined as the difference between 

the upper and lower stress. In the case of pulsating tension loading, both the upper and the lower stresses 

are tensile stresses. In the case of alternating loading, the lower stress is in compression, and during the 

compressive cycling loading both the maximum and minimum stresses are in compression (Figure 3.4). 

It is also common during fatigue testing to express the ratio (R) of the maximum and minimum stress. 

However, both the applied minimum stress and maximum stress can also be expressed as the percentage 

of the static strength.  

 

Figure 3.3 Stress-Time Diagram in case of cyclic loading 
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Figure 3.4 Reversed, alternating and pulsating loading cases acc. to DAfStb Heft 600 (2012) 

A further important parameter in the cyclic loading is the loading frequency. One completed loading 

cycle consists of the loading from Ϭmin up to Ϭmax and the unloading from Ϭmax to Ϭmin. The elapsed time 

T during loading-unloading is the period time. The frequency of the cyclic loading [Hz] expresses the 

number of completed full loading cycles within one second time. If the frequency of the cyclic loading 

is known, the loading rate (�̇�) as well as the unloading rate can be determined. However, when consid-

ering a sinusoidal loading function, the loading rate during the loading phase is not constant and the 

actual loading rate is calculated by derivation according to Equation 3.1. Therefore, a distinction should 

be made between the actual loading rate, the mean loading rate and the maximum loading rate.  

 

Figure 3.5 Mean and maximum loading rate 
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σ̇ =
d σ

d t
= E 

d ε

d t
 Equation 3.1 

σ̇m =
σmax − σmin

2 T
= ∆σ 2 f Equation 3.2 

σ̇max = ∆σ π f Equation 3.3 

During the cyclic loading (laboratory) tests, three loading functions can be used: sinusoidal, triangular 

and quadratic loading function. Generally, one of these three loading functions can be set on the testing 

apparatus. In practice, the application of sinusoidal loading function is the most widely used loading 

function. Special attention must be paid on the loading function applied, since the loading rate may 

influence the material behaviour, particularly in the case of concrete (Ožbolt et al. (2006)). The different 

loading functions are shown in Figure 3.6. 

 

Figure 3.6 Loading functions a) sinusoidal b) triangular c) quadratic 

3.4 Fatigue behaviour of materials in general: history and development of the different graphic 

interpretations 

This section introduces the development of the term “fatigue” and the graphic interpretations of fatigue 

behaviour. The aim of this recent section is only to describe the basis of the various graphic interpreta-

tion methods, which are principally independent from the material is question. The fatigue behaviour of 

the materials concrete, steel and fatigue of fasteners are discussed in Sections 3.6, 3.7 and 3.8., respec-

tively. August Wöhler was a German mechanical engineer, who firstly investigated the fatigue behav-

iour of steel rail axles systematically from 1852 to 1870 (Wöhler, 1870). Numerous rail accidents in the 

mid-18th century happened, and the common cause of the accidents was the failing rail axle, which was 

designed according to the current standards, however, considering static loads and static strength. As a 

consequence of these rail accidents, systematic testing of the rail axles was carried out to investigate the 

cause of the unexpected failure. Constant amplitude cyclic loading tests were carried out on the rail axle 

type, which was involved in the accidents. The investigation showed that the rail axles could not resist 

an infinite number of load cycles. It was found that repeated stresses (or loads), which are notably 

smaller than the static strength leads to material degradation and subsequently to a sudden steel rapture 

after a certain number of load cycles. This sudden material failure was denoted as the material fatigue, 
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which occurs as a consequence of cyclic loading. Wöhler also observed the reduction of the sustainable 

stress with an increasing number of load cycles. The first results in this field were plotted into the so-

called S-N (Stress – Number of cycles or σ-N) diagrams, in which the number of load cycles was plotted 

against the stresses applied (Figure 3.7). This graphic interpretation of the fatigue behaviour was named 

Wöhler diagram and is still the most common interpretation of the fatigue behaviour of materials. 

a)  

b)  

Figure 3.7 a) observed S-N curve for steel b) test setup used by Wöhler 

A logarithmic scale is used for N on the horizontal axis. Note that in the case of concrete, the vertical 

axis is commonly plotted in normal scale (semi-log plot) and in the case of steel, double-logarithmic 

scaling (log-log plot) is commonly used. The S-N curve is obtained by the execution of fatigue tests, 

practically carried out at different stress levels. The cyclic loading tests on specimens can be aborted by 

either failure criteria, displacement criteria, load cycle criteria or eventually the criteria concerning the 

loss of stiffness.  
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The cyclic loading tests ended up by fatigue failure represent the so-called failure points in the Wöhler 

(S-N) diagram and are marked mostly with filled symbols, whereas the points resulted by one of the 

previously described aborting criteria are depicted by empty symbols. The empty markers are most of 

the case supplemented with small arrows showing that the specimen could have borne more loading 

cycles until the fatigue failure. These tests are the so-called run-outs. 

As a result of, for example, linear regression of the points contained in the Wöhler diagram, the mean 

Wöhler lines or Wöhler-curves can be determined. For the determination of the Wöhler lines, the re-

gression of the results can be made either including or excluding the run-outs. The coefficient of corre-

lation (r) is normally given to each regression line showing how good is the fit of the curve. It is an 

accepted and conservative approach to consider the run-outs as failure points during the determination 

of the respective regression lines. Analog to Figure 3.2, the Wöhler diagram can be split into three 

different parts regarding the expected number of load cycles at failure according to König & Danielewicz 

(1994). High relative stress amplitudes lead to fatigue failure in the low-cycle fatigue range. In these 

cases, the applied maximum stress is close to the static strength. The most important part of the S-N 

curve is a region with significantly decreasing fatigue strength. The S-N curve in this range defines the 

finite life fatigue strength in the function of the number of load cycles. Another important fatigue range 

for the design is the endurance (fatigue) limit, i.e. the stress level at which the Wöhler curve becomes 

asymptotic to the horizontal line. The three different parts are schematically shown in Figure 3.8. Inves-

tigations show that the Wöhler curve of ferrous alloys and titanium exhibit an endurance (fatigue) limit, 

whereas nonferrous alloys and non-metallic materials (such as concrete) do not exhibit an endurance 

limit. It is common in the case of steel to take the characteristic fatigue strength as an endurance (fatigue) 

limit at which N = 2·106 load cycles can be completed without failure. No such limit is known for 

concrete.  
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Figure 3.8 Fatigue ranges according to König and Danielewicz (1994) 

To depict the fatigue test results, the use of Wöhler-graphs is not always the best choice, since the main 

limitation of the Wöhler curve is that it is valid only for a certain value of mean stress or only for a 

defined minimum stress. It is common in practice to define the ratio of the upper and lower stress 

(R=Ϭmax/Ϭmin). Alternatively, the applied minimum stress can be expressed as a percentage value of the 

static strength is given to one specific Wöhler-curve. However, in most cases, structures or materials are 

loaded to a certain design load, and the amount of additional repeated live load is superimposed to the 

constant design load.  

The statistical nature of fatigue must be mentioned as well. Even if the fatigue tests are carried out under 

the same testing conditions, using identical specimens, same steel or concrete charges etc., the number 

of cycles at the same load or stress levels will show a certain scatter. Whilst the results of material tests 

under static or quasi-static conditions exhibit small to moderate scatter depending on the material, the 

results of fatigue tests usually exhibit moderate to high scatter. The relatively high scatter of the fatigue 

results can be explained by material inhomogeneity or imperfections, differences in the material com-

position and also because of differences in the test conditions or in the used testing apparatus. One 

further explanation for the observed scatter is the interpretation of the exact load level at which the 

fatigue test is carried out. For better comparison of fatigue test results of different data sets, the applied 

stresses (or loads) are usually expressed as a percentage of the static mean ultimate strength (or static 

ultimate load). However, since the static ultimate strength, which the loads during fatigue tests are later 

compared to, already exhibits a certain scatter or may show changes because of i.e. increase of concrete 

strength. Consequently, the relative applied stress may be inherently falsified.  
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Figure 3.9 S-N diagram with 90% confidence limit (Cornelissen, 1984) 

With other words, two fatigue tests which are launched immediately one after another with the same 

stress levels may correspond to slightly different relative stresses. The Wöhler-curves with different 

fractiles are usually evaluated and are presented in the S-N diagrams to overcome these difficulties. The 

term S-N-P (Stress-Number of cycles –Probability) is also used in practice, adding the failure probability 

as an additional parameter to the Wöhler-curves. The fractile curves are defined at certain confidence 

limits (for instance 90 % or 95 %), and a fractile curve shows a certain probability of fatigue fracture. 

Exemplary fractile curves are shown in Figure 3.9 from Cornelissen (1984). Note that the scatter of the 

number of load cycles at failure in the case of concrete has a log-normal distribution. The log-normal 

distribution is a probability distribution whose logarithm has a normal distribution. 

Alternatively, in order to depict the effect of mean stress on the fatigue resistance, the diagrams accord-

ing to Smith, Goodman and Haigh offer the possibility for the graphic interpretation of the fatigue per-

formance. These interpretation methods are described in detail in DIN50100 and principally can be con-

structed irrespective to what material is considered.  In order to construct the Smith diagram, Wöhler 

curves with different minimum stresses must be available. The Smith diagram can be constructed for an 

arbitrarily chosen number of cycle, provided that the chosen load cycle range is covered by the Wöhler 

curves (Figure 3.10a).  The Smith diagram depicts envelopes attributed to a given number of load cycles. 

The maximum stress or relative maximum stress is plotted against the relative mean stress on the hori-

zontal axis. In Figure 3.10b, the Smith diagram of 106 and 109 load cycles was constructed based on 

fictive Wöhler-curves shown in Figure 3.10a. In Figure 3.10b, the constructed envelopes belong to 106 
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and to 109 loading cycles. Inside and including the envelope curve, all arbitrarily chosen stress value 

pairs are permitted, and the specimen should survive the given number of load cycles.  

   

Figure 3.10 Construction of Smith diagram (right) based on Wöhler curves (left) 

In the Goodman diagram, the relative maximum stress (sustainable stress) is plotted against the relative 

minimum stress. This means that every single vertical cut of the Goodman diagram corresponds to one 

Wöhler curve. In Figure 3.11, the Goodman diagram related to 106 and 109 load cycles were constructed. 

In the case of both the Smith and Goodman diagrams, the stress combinations inside the envelopes are 

permitted within the corresponding number of the load cycle.  

The fatigue life of materials can be determined using different loading regimes. The fatigue tests can be 

performed as constant amplitude tests using constant minimum and maximum stress during the test. 

These tests are generally performed in a load-controlled testing apparatus. This means that the regulator 

actuates until the targeted load or stress is achieved regardless of the suffered deformation of the meas-

ured object. 

 

Figure 3.11 Construction of a Goodman diagram (right) based on Wöhler curves (left) with dif-

ferent minimum stresses 
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Furthermore, cyclic loading tests can also be performed using deformation control. However, in this 

case, due to plastic deformations of the materials under cyclic loading, this type of loading may result 

in non-constant load or stress amplitudes on the tested materials and therefore the graphic interpretation 

of the test results using Wöhler-diagrams is not possible.  

During the constant amplitude tests, the tested object, i.e. steel, concrete, etc. is subjected to cyclic load-

ing using one of the previously presented loading functions with a certain loading frequency. Due to 

technical limits of the commonly used regulators, the cyclic test generally cannot be started with the 

desired (high) loading frequency. Based on experiences, the cyclic test is launched with a relatively low 

loading frequency and is increased stepwise up to the desired value. The cyclic loading test is aborted 

by failure criteria, displacement criteria, completed load cycle criteria or loss of stiffness. 

3.5 Cumulative damage under fatigue loading 

Since structures, materials are only rarely subjected to constant load amplitudes over their service life; 

special attention must be paid to the programme loading tests to account for the varying load amplitudes, 

the change in the load sequences and frequency. According to König & Danielewicz (1994), if the op-

erational stresses are in accordance with the loading scenarios shown in Figure 3.12, the fatigue life is, 

basically higher than in the case with the highest constant stress amplitude over the entire cyclic range. 

The different Wöhler-lines corresponding to the different operational stress scenarios are depicted sche-

matically in Figure 3.12. 

 

Figure 3.12 Schematic of the Wöhler-lines at different operational stress regimes (acc. to Hai-

bach, 1970) 
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A lot of research studies were made in the past to characterise the concrete fatigue characteristic based 

on constant amplitude tests. However, in practice the operational stresses vary in their sequence, ampli-

tude and frequency and the real loading regime does not match with the above-simplified examples. To 

account for the effect of operational stresses (varying amplitudes) on the fatigue behaviour, the number 

of load cycles and amplitudes are usually counted using, for example, the Rainflow- or Reservoir Meth-

ods, and the cumulative damage is taken into account using simplified methods, such as the Miner´s 

Rule.   

The Rainflow counting algorithm is used to analyse the fatigue data of varying stresses and to reduce 

the spectrum of varying stress into sets of equal stress intervals. The algorithm was developed by Endo 

& Matsuishi (1968).  The example in Figure 3.13 shows operational stresses in time. The load history 

consists of tensile peaks and compressive valleys. The time history shall be imagined as a template for 

a rigid sheet (pagoda roof) which is rotated 90° clockwise. Each tensile peak is to be imagined as a 

source of water that flows down the pagoda roof. A half-cycle must be counted either if the water reaches 

the end of the time history or it merges with a flow that started at an earlier tensile peak or if it flows 

when an opposite tensile peak has greater magnitude. This procedure must be repeated for the compres-

sive valleys as well. To each counted half-cycle a magnitude must be assigned, which is the difference 

of the stress between its start and termination. Finally, the half-cycles must be paired up with the iden-

tical magnitude to count the number of completed (full) cycles. Note that generally unpaired residual 

half-cycles may be present after the pairing which are later not considered.     

a) b) c)  

Figure 3.13 Rainflow analysis of varying stresses a) example of a real stress history b) Rainflow 

analysis of tensile peaks c) Rainflow analysis of compressive peaks 

As a result of the Rainflow counting algorithm, full cycle sets of same stress amplitudes (stress blocks) 

can be determined, and the data can be further used for fatigue verifications that account for damage 
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accumulation. Note that the Rainflow method assumes that the loads are independent and the sequence 

of the different loading blocks does not matter. 

For the verification of operational stresses, the counted amplitudes and the counted number of completed 

cycles must be linked with the corresponding Wöhler-lines from the Wöhler-graph. The most commonly 

used hypothesis to verify the damage accumulation was introduced by Palmgren (1924) and was later 

popularised by Miner (1945). The approach assumes a linear damage accumulation. Each individual 

cycle with its amplitude contributes to the total damage. This hypothesis is shown schematically in Fig-

ure 3.14 and is expressed in Equation 3.4. According to this approach, the fatigue failure occurs if the 

total damage, which is a sum of damage caused during the successive loading block reaches M = 1. In 

the case of materials with endurance limit (infinite life fatigue strength), the stresses below the endur-

ance limit do not contribute to the total damage.  

 

Figure 3.14 Damage contribution according to Palmgren-Miner Hypothesis 
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where: 

i = load level 

ni=  number of load cycles at level i 

Ni= number of cycles to failure at stress level i 

Since the Palmgren-Miner Hypothesis assumes a linear damage accumulation, it does not account for 

the sequence of the different loading blocks or load-interaction, and furthermore, it does not differ be-
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tween crack initiation and crack propagation. However, experimental investigations show that the se-

quence of the load levels applied has an influence on the total damage and therefore the total damage 

may be M < 1.  

The investigations of Oh (1991) showed that the total damage is greater than one (M > 1) if the load 

amplitude is increased stepwise and it is less than one (M < 1) if the load amplitude is decreased gradu-

ally. If a fatigue test is being launched with a very small stress amplitude, the very small stresses may 

not lead to immediate crack initiation, and therefore these load cycles may not contribute to the total 

damage. If the test is started with high amplitudes, the crack initiates principally during the initial cycles, 

and therefore all cycles of the loading protocol contribute to the final damage and crack propagation. 

This explains why the loading protocol starting with the highest stress amplitude is less favourable than 

the decreasing loading protocol. Note that some controversial results are to be found in literature regard-

ing the influence of the increasing or decreasing loading protocol. Some of those literature data is shown 

in Section 3.6.3.6. 

Slowik et al. (1996) also observed a damage dependency on the load sequence and found that the pres-

ence of stress spikes enhances fatigue damage.  

Although the Palmgren-Miner Hypothesis does not account for the sequence of the different load levels, 

most of the current design codes and guidelines still propose the use of this method for the verification 

of the cumulative damage under fatigue-loading.     

There are different test methods to investigate the influence of different load or stress levels on the 

fatigue strength of materials. The test method to capture the fatigue strength of materials is the so-called 

variable amplitude loading tests. Instead of using constant amplitude throughout the entire fatigue test, 

the fatigue cyclic test is carried out using different stress or load levels. In these tests, the different load 

levels are applied in successive loading blocks. Between the different loading blocks, either the ampli-

tude or only the maximum load is changed. Note that the latter case automatically leads to the change 

of the mean stress as well. Throughout the programme loading tests, the test frequency is generally kept 

constant. However, the constant test frequency at different amplitudes leads automatically to the increase 

of the loading rate. If the constant loading rate during all loading blocks is targeted, the test frequency 

must be adjusted as per required. Basically, four block loading scenarios are used in the non-constant 

amplitude fatigue tests: (1) gradually increasing loading blocks, (2) gradually decreasing loading blocks, 

(3) gradually decreasing and then gradually increasing loading blocks or (4) gradually increasing and 

then gradually decreasing loading blocks. The different varying loading scenarios are depicted schemat-

ically in Figure 3.15. 

The most precise testing method, the so-called programme loading test accounts for the real loading 

history including stress, number of cycle and sequence. The aim of these tests is to replicate the real 
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loading protocol on the test member. To this end, the stresses with the corresponding number of cycles 

and the sequence must be known. Since no standardized structure exists with exactly the same stress 

levels and load sequence, the application of such kind of fatigue testing is limited to special cases such 

as expertise after damage event or to prevent existing structures. 

 

Figure 3.15 Typical block loading scenarios used in programme loading tests 
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3.6 Fatigue behaviour of concrete at the material level 

3.6.1 General  

As it is described in the introduction, the concrete fatigue may play an important role in the fatigue 

design of anchorages, particularly in the low and high cycle fatigue range and in the case of shallow 

anchor embedment depths. According to the scope of EN 1992-4 as well as fib Model Code 2010, nor-

mal-weight concrete of strength class C12/15 to C90/105 may serve as base material for cast-in and 

post-installed fasteners, unless it is defined in the corresponding European Technical Assessment of the 

product otherwise. When considering the fatigue behaviour of the overall fastening system, the mini-

mum stress can be theoretically selected such that neither steel nor pull-out fatigue presents the decisive 

failure mode, but the concrete failure. To assess the fatigue behaviour of concrete in the fastening tech-

nology, the literature review is performed firstly for the concrete at the material level, with particular 

emphasis on the influence factors on the concrete fatigue behaviour. The detailed literature review was 

necessary because the findings on the plain concrete – complementary to the new findings of this PhD 

– shall be harmonised for a reasonable design concept for fasteners. 

Concrete does not fail solely as a consequence of fatigue-loading. As a result of the development of 

high-performance concrete, the reinforced concrete structures became slenderer, thus leading to the dec-

rement of the dead and live load ratio on the structures. Reduced cross-sectional areas may behave as 

notches, which lead to high-stress concentrations increasing the risk of fatigue induced failure. In the 

case of metals, the distinctive crack topology can distinguish between the fatigue induced crack pattern 

and the cracks caused as a consequence of static loading. To the contrary, in the case of concrete, the 

fatigue cracks do not differ from those developed under monotonic loading, and therefore it is more 

difficult to identify the fatigue induced damage.  

As it is concluded in the FIB-Report 1988, usually the combination of different effects leads to concrete 

fatigue failure. One of the main reported combinations, which causes the overall damage is the corrosion 

with simultaneous fatigue loading. As a summary of numerous case studies, the following structural 

consequences caused by concrete fatigue were observed: 

(1) Excessive cracking, increased risk for corrosion and therefore corrosion caused steel failure 

(2) Excessive deformation and loss of pre-stressing forces 

(3) Reduced stiffness 

According to Wittmann (1983), the crack initiation, the crack propagation and the fracture of fatigue-

loaded concrete can be described on three different levels: 

(1) macro-level: the concrete is considered as a global homogenous material with its own strength and 

deformation (strain) properties 
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(2) meso-level: the heterogeneous material is considered as a system of more components, namely ag-

gregates, pores and non-hydrated water. The components build a matrix, the connection between the 

components are described with bond properties on the respective interfaces, and a distinction is made 

between micro and macro cracks. 

(3) micro-level: the cement matrix is considered at a molecular size as well as the chemical and physical 

processes such as hydration, temperature development, the influence of not hydrated water content etc. 

The majority of the results in the literature and the corresponding models that describe the fracture 

mechanics of the fatigue-loaded concrete was made on macro-level (Cangiani et al. (1998), Duda 

(1991), Gustafsson (1985), Hordijk (1992), Müller et al. (1983), Nishikawa et al. (1998), Reinhardt et 

al. (1986), Slowik et al. (1996), Yankelevsky et al. (1989)) etc. Only a limited number of studies empha-

size the description of the fracture mechanics at meso-level (Reinhardt et al. (1978), Toumi et al. 

(1998)). This literature data summarised in the PhD Thesis also emphasizes the findings based on macro-

level investigations.  

To characterize the concrete fatigue behaviour, the fatigue-loading tests in the literature were carried 

out mainly on concrete cylinders, concrete cubes or concrete prisms of different geometries. To apply 

the cyclic loading, generally, servo-controlled hydraulic cylinders are used in load-control. In most tests 

available in the literature, the test frequency was varied from f = 5 to 20 Hz. The dimensions, the used 

constraints and the loading regimes differ from each other test by test. Since the influence of these 

parameters is still questionable, the direct comparison of the available test results is often very difficult, 

and its plausibility is questionable. Nevertheless, based on numerous fatigue test results available in the 

literature the main influencing factors of the concrete fatigue strength could be determined. An exem-

plary test setup used for uniaxial fatigue testing is shown in Figure 3.16. The load is introduced into the 

cylindrical specimen by two glued surfaces and the centric load introduction is usually assured by 

hinges. 

Similar to monotonic loading, a distinction can be made between the different loading directions and 

loading types. One can speak about compressive, tensile, splitting, shear and bending loading and the 

used loading types are compressive (reversed) cycling (- & -), alternating tension-compression (+ & -) 

and pulsating tension (+ & +). The different loading types are leading to direct and indirect testing of 

the concrete compressive or tensile fatigue, respectively. The concrete is mainly loaded in compression 

in the engineering structures, whereas the tension is taken up by aligned reinforcement. The reinforce-

ment mostly consists of conventional steel reinforcing bars, prestressed tendons or fibres of different 

materials. Therefore, the majority of the fatigue tests in the literature were carried out in compression. 

However, in special structures and applications, tensile stresses in concrete structures are also permitted. 

The tensile strength of pre-stressed concrete girders in the tensile zone must be verified to avoid the 

premature cracking during the hardening of concrete and prior to the first loading. Furthermore, the 
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concrete tensile properties are also very important, because the concrete tensile strength governs the 

cracking behaviour of concrete, which also influences the stiffness, the damping and the durability of 

concrete. Furthermore, the bond characteristics on the steel and concrete interface are also highly de-

pendent on the concrete tensile fatigue behaviour (Mirza et al. (1979)). 

 

Figure 3.16 Test rig used for the direct uniaxial tensile fatigue test (Chen et al. 2017) 

The concrete fatigue tensile behaviour can be investigated by means of direct loading tests such as under 

uniaxial loading conditions as well as by means of indirect loading tests using, e.g. bending or splitting 

tests.  

The first tensile tests under fatigue loading were splitting and bending tests. The first splitting tests were 

carried out by Linger et al. (1966) and by Tepfers (1979). Tepfers concluded that no major difference in 

terms of concrete fatigue strength exists between the results obtained from splitting tests (indirect) and 

those under compression, provided that the results are plot in relative maximum stress versus number of 

cycle diagrams, where the applied maximum stress is given as a percentage value of the respective static 

strength. The first bending tests were carried out by Raithby (1974). The bending fatigue test results also 

did not show major differences from the splitting fatigue tests if the results were related to the static 

strength and beside the scatter of the results, no significant difference is expected. In the case of both 

the splitting and bending tests, the stress distribution within the cross section is well-known to evaluate 

the concrete tensile fatigue behaviour. However, for more precise characterization of the concrete tensile 

fatigue behaviour, there was a need for uniaxial results. Due to the increasing demand and interest on 

concrete tensile application in the Netherlands in offshore structures, Cornelissen (1984) performed 

uniaxial pulsating tension and alternating tension-compression tests on concrete cylinders to investigate 

the influence of varying tensile maximum stress on the concrete tensile fatigue behaviour and further-
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more, to investigate the influence of negative stresses (compression) on the concrete tensile fatigue be-

haviour in alternating tension-compression tests. These were the main initial concrete fatigue research 

activities in the 1980s. Since then, further numerous concrete fatigue research was performed all over 

the world to focus on the different influencing factors.  In the following, the main influence parameters 

of the concrete fatigue with the corresponding literature are summarised.  

3.6.2 Damage indicators 

3.6.2.1 General 

Before summarising the main influence factors on the concrete fatigue strength, the different damage 

indicators are described in this section. During the fatigue loading of concrete, the concrete is continu-

ously being damaged which leads to the fatigue fracture after a certain number of loading cycles. Alt-

hough the fatigue failure is characterised as a sudden material failure, there are different damage indi-

cators giving a decent response of the damage progression.  

a) b)  

c) d)  

Figure 3.17 Cyclic stress-strain curves under different stress levels a) Smax=0,95 b) Smax=0,90 c) 

Smax=0,85 d) Smax=0,80 (from Chen et al. (2017)) 
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During fatigue loading, different parameters such as displacements, strains, deformations, module of 

elasticity (initial or secant stiffness), temperature emission and acoustic emission can be captured, which 

are all giving response of the damage progress. In this recent section, these damage indicators are pre-

sented with emphasis on the progress of strain and stiffness under fatigue-loading. Examples for cyclic 

stress-strain curves at four different relative upper stresses (0,95; 0,9; 0,85; 0,8) are shown in Figure 

3.17 (Chen et. al. (2017)).  

3.6.2.2 Strain increase under fatigue loading 

It can be observed that the initial stiffness is decreasing with an increasing number of cycles, which 

results in greater strains values. Holmen (1979) observed that the form of the cyclic stress-strain curves 

(hysteresis areas) are subject to change with an increasing number of load cycles. This effect also can 

be seen in Figure 3.17. During cyclic loading, the loading and unloading stress-strain curves build un-

closed hysteresis loops. The unclosed hysteresis loops indicate the amount of plastic deformations in 

each loading cycle. During the initial cycles, the geometry of the hysteresis loops is convex meaning 

that the loading part is stretched towards the stress axis. With increasing number of load cycles, the 

amount of relative plastic deformations reduces, and the hysteresis loops become concave, i.e. the load-

ing part of the stress curve is stretched towards the strain axis (Figure 3.18). Mehmel et al. (1962) ob-

served that the stress amplitude and the cement matrix ratio might have an influence on the conversion 

of the hysteresis loop.  

 

Figure 3.18 Cyclic stress-strain curve of uniaxially loaded concrete in reversed compression 

(Holmen (1979)) 
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If the cyclic stress-strain history is recorded during the fatigue tests, different damage indicators can be 

evaluated based on the available stress-strain data. Note that recording the overall stress-strain history 

with adequately high recording frequency may generate extremely huge measurement data. Therefore, 

the data acquisition during fatigue tests is mostly restricted to the recording of maximum deformation 

(maximum strain εmax at maximum applied stress) and the minimum deformation (minimum strain εmin 

at minimum applied stress) of each cycle. However, in some cases, the overall cycles are being recorded 

for a more precise investigation of the hysteresis areas. Exemplary for the measured maximum strain 

progression versus the number of loading cycles are shown in Figure 3.19a. It was observed by Holmen 

that the ultimate strain associated with the fatigue failure is higher if the fatigue was occurred as a con-

sequence of smaller applied loads.  

a)  

b)  

Figure 3.19 a) Maximum strain versus the absolute number of cycles b) Maximum strain as a 

function of relative loading cycles (N/Nfailure) (both graphs were reproduced from Holmen (1979)) 
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After evaluating the maximum and minimum strains as a function of the number of load cycles, it was 

observed that the strain shows an increment, which describes a three-phase damage process under cyclic 

loading. The increase of the maximum strain (εmax) versus the absolute number of load cycles (N) can 

be seen on the exemplary shown in Figure 3.19a. The measured maximum strain from the same tests is 

plotted as a function of N/Nfailure in Figure 3.19b.  The three-phase damage process was also observed in 

the case of reversed compressive cycling, pulsating tension, alternating tension-compression among 

others by Holmen (1979), Cornelissen (1984), Kim, J.-K & Kim, Y.-Y. (1996), Lohaus et al. 2012, 

Oneschkow (2014), Petkovic et al. (1992), Chen et al. (2017).  

Holmen (1979) observed based on the results that the damage of concrete under fatigue loading consists 

of a primary, secondary and a tertiary part. The three stages are shown schematically in Figure 3.20.  In 

the primary phase, crack initiation, and excessive cracking is observed resulting in high non-linear strain 

increments. The primary phase is followed by a secondary phase showing linear strain increase due, 

which gives the feedback of a steady, continuous crack propagation. In the tertiary phase, the stable 

crack propagation becomes instable, described by excessive cracking, which finally, ends up in the fa-

tigue fracture.  

 

Figure 3.20 Primary, secondary and tertiary phase of the strain increment during fatigue load-

ing of concrete (DAfStb Heft 619. (2017)) 

For the detailed interpretation of the crack initiation in the concrete several hypotheses exist. According 

to the theory of Murdock & Kessler (1960), the progressive deterioration of the bond between the coarse 
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aggregates and the cement matrix, together with the subsequent reduction of the cross-section are re-

sponsible for the initiation of fatigue failure. Furthermore, it is assumed that the fatigue failure occurs 

by the fracture of the cement matrix.  

Due to shrinkage, the concrete exhibits micro-cracking on the interface of aggregate and cement matrix 

even without external loading. These cracks serve as notches for crack nucleation and for further prop-

agation. Under static or quasi-static loading the stresses are in equilibrium with the external stresses, 

and the further strain increment under static loading is the process of concrete creep. The concrete creep 

may also lead to excessive cracks and thus to high strains and finally to failure. Under cyclic loading, 

the overall strain increases in the secondary phase and the overall strain during cyclic tests consists of a 

cyclic and creep part. In this case, the overall strain is time-dependent and also dependent on the number 

of load cycles. It was also observed that the ultimate strain at the fatigue failure can be slightly higher 

than the strain related to ultimate stress under quasi-static loading. Cornelissen compared the prominent 

points of a typical three-phase strain curve of fatigue-loaded concrete with the prominent points of the 

stress-strain curve of monotonically loaded concrete. The tertiary phase under fatigue loading begins at 

the strain related to the ultimate static stress, and it ends up at the strain related to the static fracture 

stress (ultimate strain). If fatigue tests are carried out at the same stress levels, the test which showed a 

higher number of cycles at failure exhibit higher overall strain. According to Cornelissen (1984d), the 

duration of the secondary phase may decrease with increasing frequency. 

 

Figure 3.21 Qualitative comparison of the monotonic stress-strain curve and three-phase fatigue 

damage curve (Cornelissen, 1984d) 

Holmen (1979) observed that all the executed fatigue tests on concrete – irrespective to the applied 

stress  – exhibit similar three-phase strain damage. In the case of normal strength concrete, the secondary 

part of the cyclic creep curve 𝜀�̇�𝑒𝑐  is assumed to be constant between 20% and 80% percent of the total 
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number of cycles and can be calculated by Equation 3.5 and Equation 3.6. Similar boundary values for 

the three phase cyclic creep curve were also observed among others by Kim, J.-K & Kim, Y.-Y. (1996), 

Lohaus et al. 2012, Oneschkow (2014), Petkovic et al. (1992) under reversed compressive cycling and 

also under pulsating tension by Cornelissen (1984).  

𝜀𝑠𝑒𝑐,𝐼𝐼 =
∆𝜀

∆𝑁
=

𝜀0,8 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒
− 𝜀0,2 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝑁0,8 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒
− 𝑁0,2 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒

 Equation 3.5 

log 𝜀𝑠𝑒𝑐,𝐼𝐼 = log
𝜀0,8 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒

− 𝜀0,2 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝑁0,8 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒
− 𝑁0,2 𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒

 Equation 3.6 

It was established that the concrete shows higher ultimate strain if the smaller stresses are applied (com-

pare Figure 3.19a). It was observed that the slope of the secondary phase (secondary creep rate) corre-

lates very well with the number of cycles at failure. The secondary creep rate (log εsecII) is plotted against 

the number of cycles in Figure 3.22. The strong correlation between the secondary cyclic creep and the 

number of cycles at failure was confirmed among others by Cornelissen (1984), Sparks & Menzies 

(1973), Do et al. (1993), Wefer (2010), Onaschenkow (2014).  

 

Figure 3.22 Relation between the secondary creep rate and the number of cycles (reproduced 

from Cornelissen, 1984) 

Cornelissen (1984) concluded that the relation between the secondary cyclic creep rate and the total 

number of cycles at failure is a better approach for predicting the number of cycles during fatigue loading 

that the stress-based S-N diagram. This is because the secondary creep rate gives a more precise response 

of crack growth, that takes place within a certain number of cycles or within a certain elapsed time. 
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The findings regarding the ultimate increase give us a good and direct response of the crack initiation, 

crack propagation and excessive cracking prior to fatigue failure. The most important finding is that the 

three-phase cyclic creep curve shows the same progression (0 – 20 %: crack initiation, 20 – 80 % steady 

crack propagation, and 80 – 100 % rapid crack increase) in all executed fatigue tests.     

3.6.2.3  Loss of module of elasticity under fatigue loading 

According to Holmen (1979), the strain increase under fatigue loading is explained by the loss of the 

stiffness during cyclic loading. The so-called fatigue secant stiffness (Es), which is dependent on the 

number of load cycles can be calculated in each loading cycle using Equation 3.7. 

𝐸 (𝑁) =  
∆𝜎

∆𝜀
=

𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛

𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛
 Equation 3.7 

If the fatigue secant stiffness is determined for each cycle, a similar graph to the exemplary shown in 

Figure 3.23 can be plotted. Analog to the secondary creep rate, the fatigue secant stiffness also exhibits 

a three-phase progression with a steadily decreasing secondary part. It was also shown that the fatigue 

secant stiffness reduces to approximately 60 % of the initial stiffness at fatigue failure and the overall 

reduction in the secant stiffness seems to be independent of the applied maximum stress during the 

cycling. However, Holmen (1979) observed that the decrement of the fatigue secant stiffness is less 

pronounced at the end of the primary phase if higher maximum stresses are applied.  

 

Figure 3.23 Loss of secant stiffness (Holmen (1979) 
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According to Holmen (1979), the fatigue secant stiffness is nearly constant in the secondary phase. Note 

that some other literature uses the term fatigue secant modulus for secant stiffness. It was found that the 

secant stiffness is also proportional to the number of cycles. An exemplary for the relation of the fatigue 

secant modulus and the number of cycles is shown in Figure 3.24. 

 

Figure 3.24 Relation between the fatigue secant modulus and the number of cycles to failure 

(Hohberg (2004))  

3.6.2.4 Temperature emission  

The concrete exhibits a visco-elasto-plastic material behaviour, and during the repeated loading the ap-

plied energy turns to elastic and plastic energy. When the concrete is subjected to cyclic loading, one 

should speak about the damping energy Eδ (Spooner & Dougill (1975); Wischers (1978)). The damping 

energy Eδ is defined as the overlapping hysteresis area of two successive hysteresis loops, i.e. the area, 

which is contoured by the loading path of the cycle and the unloading path of the predecessor cycle 

(Figure 3.25).  
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Figure 3.25  Energy conversion during cyclic loading according to Wischers (1978)  

The dissipated energy during the cycles results in the warming of the concrete. The more energy is 

dissipated, the higher the emitted temperature is. Consequently, the temperature emission of the concrete 

is also considered as a damage indicator of fatigue-loaded concrete.  Concrete specimens exhibit signif-

icant warming during cyclic loading. The increase of concrete temperature can reach 30-40 K, depend-

ing on the loading frequency and load amplitude. 

a)  
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b)  

Figure 3.26  Warming rate of concrete due to cyclic loading, regression lines (von der Haar et al. 

(2016)) 

Von der Haar et al. (2016) assumed that the temperature translated from the damping energy causes 

additional stresses in the concrete, which may lead to the premature failure of the concrete. To verify 

this assumption, experimental and numerical investigations were carried out. The measured warming 

rates for different load frequencies and maximum stresses are shown in Figure 3.26. It can be seen that 

high temperatures are emitted during the initial cycles. After the initial cycles, the temperature emission 

gets less. The results agree well with the expectations based on the observed strain of fatigue-loaded 

concrete. 

3.6.2.5 Acoustic emission 

Thile et al. (2011) investigated the acoustic emission of fatigue-loaded concrete. Like the other damage 

indicators (strain increment, loss of stiffness, heat emit), the change of the acoustic emission is also an 

evidence for the three-phase damage process. The uniaxial fatigue tests were carried out using concrete 

cylinders, the secant fatigue modulus (secant stiffness) and the strain increment were compared to the 

acoustic emission, and the results are shown in Figure 3.27. It was assumed that the micro-crack initia-

tion leads to noise emission. The progression of the noise emission curve is therefore in a good agree-

ment with the expectations because in the phase of the excessive cracking more acoustic emission was 

recorded. For more details of the executed tests, see Thile et al. 2011.   
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a)  

b)  

c)  

Figure 3.27  Measured acoustic emission of fatigue-loaded concrete compared to longitudinal 

strain and stiffness (Thile et al. (2011)) 
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All the hereby presented damage indicators (strain, stiffness, noise, temperature) describe a similar 

three-phase damage process of fatigue-loaded concrete and confirm the theory of the crack initiation, 

crack propagation and excessive cracking, which are associated to primary, secondary and tertiary 

phases, respectively. The characteristic form of the different damage progresses determined based on 

the different damage indicators is independent of the maximum stress and the number of cycles if the 

results are plotted against the normalised numbers of cycles (N/Nfailure). Since the concrete is a quasi-

brittle material, it shows crack initiation already at relatively small stresses; it is assumed that the fatigue-

loaded concrete exhibits fatigue fracture after a certain number of loading cycles. Since all the executed 

tests and the evaluated damage indicators show the same damage process, it is assumed that the damage 

process follows the same path if relatively small stresses are applied. Therefore, the concrete endurance 

limit is rather questionable. 

3.6.3 Influence factors on the concrete fatigue strength - summary 

The concrete fatigue strength is dependent on several influencing parameters. Based on numerous test 

results from the literature, the influence factors were categorised based on their relevance by König & 

Danielewicz (1994). According to König & Danielewicz (1994), there are important and less important 

influence factors. The distinction was made based on the sensibility of the fatigue strength related to the 

specific parameter. The important and less important influence factors are summarised in Table 3.2. The 

influence factors can also be categorised as constant and variable parameters. Constant parameters are 

stiffness, strength, concrete composition, age of concrete at first loading, whilst variable parameters are 

the minimum and maximum stresses, loading type and direction, periods without loading, loading fre-

quency, concrete moisture content, ambient conditions. In the following sections, the hereby listed in-

fluence factors are discussed in detail with the relevant test results from the literature. 

Table 3.2 Influence factors on the concrete fatigue strength (according to König & Danielewicz 

(1994)) 

Important influence factors Less important influence factors 

• Minimum and maximum stress 

• Loading type (Compressive cycling, 

Alternating cycling, tensile cycling, 

uniaxial loading, multiaxial loading, 

centric or eccentric loading) 

• Concrete Conditions (dry or wet) 

• Loading frequency 

• Concrete strength 

• Concrete composition 

• Loading regime 

• Breaks in the loading regime 
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3.6.3.1 Influence of minimum and maximum stress 

Reversed compressive cycling 

Since the concrete is generally loaded in compression, most research emphasizes the concrete fatigue 

under compression.  Pfanner (2002) summarised the data from many researchers on fatigue behaviour 

of concrete under compression (Oh 1991; Assimacopoulos et al. 1959; Antrim & McLaughlin 1959; 

Bennett & Muir 1967; Do et al. 1993; Gaede 1962; Galloway et al. 1979; Graf & Brenner 1936; Gray 

et al. 1961; Holmen 1982; J.-K. Kim & Y.-Y. Kim 1996; Opie-Jr & Hulsbos 1966; Weigler & Klausen 

1979; Williams 1943). The test results are shown in Figure 3.28 as a joint database. The summarised 

experimental data was extended with the trendline of Hsu (1981). The relative upper stress (relative to 

compressive strength from static loading test) was plotted versus number of cycles at failure. It can be 

seen that the maximum stress has a strong influence on the fatigue life of concrete. The fatigue strength 

is 60% of the monotonic compressive strength at approximately N = 2·106 number of cycles. It is gen-

erally accepted that the fatigue life increases if the minimum stress is increased and the maximum stress 

is kept constant because it results in reduced stress amplitude. The fatigue resistance increases if under 

constant minimum stress the maximum stress is reduced. In both cases, the stress amplitude is reduced 

resulting in the increment of the number of load cycles.  

 

Figure 3.28 Summary of experimental data on the concrete fatigue strength in reversed com-

pression 
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Pulsating tension and alternating tension-compression 

Although the application of concrete is mainly in compression in the engineering structures, concrete 

tensile strength governs the cracking and damping behaviour of concrete. The first fatigue tests in ten-

sion were performed as indirect tension loading tests. Linger et al. (1965) and Tepfers (1979) performed 

splitting tests. Bending tests were performed by Raithby (1974). The results of the bending and splitting 

tests were compared with those under compression, and no significant difference was found apart from 

the scatter. Due to the lack of results under uniaxial tension, there was a need to perform pure pulsating 

tension tests. Cornelissen (1984) investigated the concrete tensile fatigue behaviour systematically. Con-

stant amplitude fatigue tests were carried out on Ø = 120 mm, h = 300 mm concrete cylinders in tension 

and in alternating tension-compression. The test setup used for the fatigue tests is shown in Figure 3.29. 

The pulsating tests were carried out using different maximum stress levels (step tests) with constant 

near-zero positive tensile minimum stress. Furthermore, alternating tension-compression fatigue tests 

were carried out using different compressive minimum stresses to investigate the influence of compres-

sive minimum loads on the tensile fatigue behaviour. The applied tension is related to the static concrete 

tensile strength (fct), and the applied compression is related to the static compressive strength (fc). The 

comparison of pulsating tension with the alternating tension-compression results is shown in Figure 

3.30a, where the compressive stress was varied between 5% and 25% of fc in the case of tension-com-

pression tests. After the linear regression of the respective failure points in the S-N diagram, Cornelissen 

proposed Equation 3.8 for pulsating tension and Equation 3.9 for alternating tension-compression load-

ing. The proposed equations can be evaluated over the whole stress range, and the result can be depicted 

in a modified Goodman diagram Figure 3.31. 

 

Figure 3.29 Test setup used for pulsating tension and alternating tension-compression tests (Cor-

nelissen, 1984) 
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a)  

b)  

 Figure 3.30 a) Results of pulsating tension and alternating tension-compression tests (Cornelis-

sen, 1984), b) determined Wöhler-curves for different minimum stresses based on the test results 

Pulsating tension (dry) 
ctmfctmf

N
min

79,2
max

52.1481.14log


+−=  Equation 3.8 

Alternating tension-compres-

sion (dry & wet) 
cm

f
ctm

f
N

min
59,2

max
93.736.9ogl


−−=  Equation 3.9 
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Figure 3.31 Modified Goodman diagram based on the proposed formulas for pulsating tension 

and alternating tension-compression (Cornelissen, 1984) 

In Figure 3.31, the individual lines represent the fatigue life in terms of the number of load cycles at 

failure. It was observed that the presence of compressive minimum stress leads to a significant reduction 

in the tensile fatigue of concrete. The fatigue strength is approximately 60 % of the static tensile strength 

at N = 2·106 load cycles if the minimum stress is equal to zero (pure pulsating tension). Comparing to 

pure pulsating tension, the fatigue strength reduces by 20% if the applied minimum stress corresponds 

to 10% of the compressive strength. The detrimental effect of the compressive minimum stress on the 

tensile fatigue is even more pronounced at increased number of load cycles. This phenomenon is ex-

plained by the mismatch of the crack faces during the alternating tension-compression cycling and the 

interaction of the tensile crack with those developed under compression. Due to the shifted position of 

the aggregates and mortar matrix during the repeated crack opening and crack closure, additional 

stresses develop on the fracture surface leading to accelerated concrete damage and crack propagation.  

Kessler-Kramer (2002) carried out further fatigue tests in tension-compression. It was concluded based 

on the executed displacement-controlled fatigue tests that the application of alternating loads leads to 

the more pronounced decrease of the concrete fracture energy than that under pure pulsating tension 

(Figure 3.32).  
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Figure 3.32 Influence of alternating cyclic loading on the fracture energy of normal strength 

concrete (Kessler-Kramer (2002)) 

3.6.3.2 Influence of concrete condition: dry and wet concrete 

In general, concrete fatigue strength decreases due to water saturation. Cornelissen (1984) performed 

uniaxial tests in tension and in tension-compression on d/h=120/300 mm dry and water saturated con-

crete cylinders. 48 hours after the casting, the specimens were immersed in water. The specimens for 

dry tests were removed from the water at the age of 14 days, whereas the other specimens were kept 

under water until the age of 28 days. It was concluded based on the pulsating tension tests results that 

the sealed (water saturated) specimens show a decreased fatigue life. The decrease of 6% in the fatigue 

strength was observed over the entire cycling range due to water saturation. Cornelissen proposed a 

formula that accounts for wet concrete conditions (Equation 3.10) However, in the case of alternating 

tension-compression, no major difference in terms of the fatigue strength was observed due to water 

saturation. Therefore, the Equation 3.9 may apply for alternating tension-compression in dry and wet 

concrete.  

Pulsating tension (wet) 
ctmfctmf

N
min

79,2
max

52.1492,13log


+−=  Equation 3.10 
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a)  

b)  

Figure 3.33 Fatigue strength of dry and wet concrete under uniaxial pulsating tension and under 

tension-compression (Cornelissen, 1984) 

Galloway et al. (1979) carried out 4-point bending tests (102·102·508 mm3) to investigate the influence 

of moisture on the concrete flexural fatigue tensile strength.  The mean compressive strength of the 

specimen at 28 days was fcm=44,8 N/mm2 and the splitting tensile strength was 3,5 N/mm2. All the 

bending test specimens were stored under water for 26 days. After 26 days, the first series (Series 1) 

was sealed hermetically. The Series 3 was dried in the oven at 105 °C. The flexural strength of the wet 

(sealed) specimens was 4,21 N/mm2, whilst the oven dried had 6,35 N/mm2. The fatigue bending tests 

were carried out as constant amplitude tests with different maximum-minimum stress ratios. The results 

show a significant reduction of the fatigue strength in the case of wet concrete. 

Leeuwen & Siemens (1979) carried out fatigue tests on d / h=150 / 450 mm B45 concrete cylinders at 

f = 6 Hz loading frequency using different maximum-maximum stress ratios. The tests were executed 

on concrete specimens which were kept at ambient temperature (20°C) and 50-65% relative air humidity 
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and on specimens which were kept under water prior to the testing. The results are shown in Figure 3.34. 

The tests above 106 loading cycles are run-outs. Depending on the maximum-minimum stress ratio (R), 

the mean fatigue strength is reduced by 15% due to water saturation.  

a)  

b)  

Figure 3.34 Results of fatigue tests on concrete cylinders a) specimens kept at 20°C ambient tem-

perature at 50-65 % rel.  b) sealed specimens (Leeuwen & Siemes (1979))  

The results of Hohberg (2004) on d/h=100/300 mm concrete cylinders also confirmed the reduction of 

the fatigue strength at increasing moisture content. A certain number of concrete specimens were stored 

at ambient temperature level of 20°C and 65 % relative air humidity after 7-days of curing in water 

basins, whilst the other specimens were kept in the water basin until the testing. The tests were carried 
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with different concrete strength classes, namely B25, B45 and B95. The concrete strength class B25 

according to the old nomenclature DIN 1045:1998 corresponds according to DIN EN 206-1:2001 to 

C20/25, B45 to C35/45 and B95 to C80/95 accordingly. The test results are shown in Figure 3.35. It can 

be concluded based on the results in B25 that according to the applied minimum-maximum stress ratio 

the wet concrete shows a significantly lower fatigue strength. The results show that the mean relative 

concrete fatigue strength in B25 at 104 is reduced from 78% to 62 % in the case of wet concrete compared 

to dry concrete (see Figure 3.36). It was also shown that the decrease in the fatigue strength due to water 

saturation is less pronounced at increased concrete strengths. This is explained by the lower porosity of 

high strength concrete compared to the normal-weight concrete and subsequently by the less pore water 

content. 

a)  

b)  

Figure 3.35 Results of fatigue tests on concrete cylinders a) comparison of results in wet and dry 

concrete in B25 concrete b) comparison of results in wet and dry concrete in B25, B45, B95 con-

crete  (Hohberg (2004)) 
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Figure 3.36 Comparison of results in B25 wet and dry concrete based on (Hohberg (2004))  

Nygard et al. (1992) investigated the behaviour of fatigue-loaded concrete on d / h = 50 / 150 mm, 

100/300 mm, 450 / 1350 mm concrete cylinders. The tested concrete strength classes were ND 65, ND 

95 and LWA 75. From all specimen sizes, two specimens were kept at 20°C ambient temperature at 30-

60% air humidity, two specimens were wrapped, and two were kept under water until testing. In the 

fatigue tests, the relative maximum stress was 70%, whereas the minimum stress was 5%. In the case of 

the d / h = 50 / 150 mm, 100 / 300 mm specimens of ND95 concrete the difference between dry and wet 

concrete was 1:100 in terms of number of load cycles at failure. In the tests with d / h = 450 / 1350 mm 

dimensions, no change in terms of fatigue life between the dry and wet concrete was observed.  

The decrease of the fatigue strength due to water saturation can be explained by two effects. First, due 

to the “smear-effect”, the presence of water reduces the internal friction forces between the opening 

microcracks, and this leads to the accelerated crack propagation.  Furthermore, during alternating load-

ing, the presence of pore water leads to an overpressure in the opening microcracks which may lead to 

the development of additional stresses in the cement matrix. However, this latter assumption was not 

confirmed by the results of Cornelissen (1984) in alternating tension-compression. The results also show 

that the influence of water saturation is strongly influenced by the size of the test specimen. The smaller 

the specimen, the greater the influence of the water saturation on the concrete fatigue life is. It was 

reported by Nygard et al. (1992) that the relatively big specimens are insensitive to the water immerse. 

As a summary of the above-presented results, a reduction in the fatigue strength of 8-15% is expected 

due to moisture. However, due to the discussed size-effect, no explicit regulations exist which accounts 

for the influence of moisture content on the concrete fatigue strength as of now.  

3.6.3.3 Influence of loading frequency and loading rate 

The influence of the loading frequency on the concrete fatigue strength is a subject of controversial 

discussions. In the literature, it is commonly accepted that higher test frequencies result in a longer 
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concrete fatigue life. However, some controversial results show no significant influence of loading fre-

quency on the concrete fatigue life. In this section, literature data are presented, which were carried out 

with emphasis on the loading frequency and its effect on the behaviour of fatigue-loaded concrete. 

Graf & Brenner (1936) executed constant amplitude fatigue tests on 130·130·400 mm3 concrete speci-

mens of fc,Prisma=15,7 N/mm2  (Series d) and fc,Prisma=32,1 N/mm2 (Series e) compressive strength. The 

tests were carried out with f = 0,83 Hz, f = 4,3 Hz and f = 8,3 Hz frequency. The results are presented 

in Figure 3.37. On the vertical axis, the ratio of the quasi-infinite fatigue strength after completing 106 

cycles without fatigue failure (Dd) and the static strength (K) is plotted. The Dd/K ratio was plot versus 

the loading frequency on the horizontal axis. The results of “Series d” (fc,Prisma=15,7 N/mm2 , high fine 

sand  portion) show a slight increment of the fatigue strength at increasing loading frequency, whereas 

the results of “Series e” (fc,Prisma=32,1 N/mm2 , low fine sand portion) do not show any change in terms 

of fatigue strength at the applied different loading frequencies.  

Weigler & Freitag (1971) also reported the beneficial effect of increased loading frequency on concrete 

fatigue strength. The tests were carried out on d/h=50/100 mm low-strength concrete cylinders, and the 

mean concrete compressive strength of the tested specimens was fc=44,34 N/mm2.  It was concluded 

that the influence of the loading frequency is pronounced if the relative upper stress is higher than 

Smax>0,8 (Figure 3.38). 

 

Figure 3.37 Loading frequency versus quasi-endurance limit after 106 loading cycles without fa-

tigue failure according to Graf & Brenner (1936) 
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a)  

b)  

Figure 3.38 a) Fatigue strength of light-weight concrete at f=10 Hz b) Fatigue strength of light-

weight concrete at various loading frequencies according to Weigler & Freitag (1971)  

The results of Sparks and Menzies (1973) also confirm the increase of the ultimate number of load cycles 

at higher test frequency. The constant amplitude fatigue tests were carried out on 102·102·203 mm3 

concrete specimens with �̇�=0,5 N/(mm2s) and �̇�=50 N/(mm2s) loading rates. The results are shown in 

Figure 3.39. The tests which were carried out using Smax=0,8 relative maximum stress show 100 times 

increase at the increased loading rate in case of both the tested concrete types.  
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Reinhardt et al. (1978) also reported the increase of the number of cycles at failure between f=0,175 Hz 

and f = 17,5 Hz test frequency. The tests were carried out on 100·100·345 mm3 concrete specimens. 

The mean concrete compressive strength at the age of 28 days was fc = 56,2 N/mm2. The constant am-

plitude fatigue tests were performed with the same maximum stress levels (Smax = 0,875) with various 

minimum stresses. It was concluded that the fatigue strength is not only influenced by the test frequency 

but also by the applied stress amplitude.  

a)  

b)  

Figure 3.39 Fatigue strength of concrete at different loading rates acc. to Sparks & Menzies 

(1973) using a) gravel aggregates and using b) lightweight aggregates 
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Galloway & Rathby (1973) executed 4-point bending fatigue tests to investigate the influence of loading 

rate on the concrete flexural fatigue strength. The tests were performed with near to zero minimum stress 

at f = 4 Hz and f = 20 Hz test frequencies. The results show no influence of loading frequency on the 

concrete flexural tensile fatigue strength. 

Wefer (2010) carried out experiments on ultra-high strength concrete (fc,cube = 180 N/mm2). To the con-

crete mixture 9 mm straight steel fibres were added, and the tests were carried out on d/h = 60/180 mm 

concrete cylinders with Smin = 0,05 and Smax = 0,70 using f = 10Hz and f = 65 Hz test frequencies. The 

tests at f = 10 Hz were performed using a universal testing machine, whereas the tests at f = 65 Hz were 

performed using a high-frequency fatigue testing machine (pulsator).  The results at f = 65 Hz show a 

decreased fatigue strength in comparison to those at f = 10 Hz. Although the observed phenomenon 

contradicts to the previously presented findings, Wefer (2010) explained the discrepancy with the dif-

ference in the two testing methods. 

 

Except for a few results, the higher loading frequency leads to higher concrete fatigue strength. König 

& Danielewicz (1994) concluded based on the comprehensive literature review that the influence of 

loading frequency is more pronounced if the applied maximum stresses are in the range higher than 

Smax > 0,75. This can be confirmed by the previously presented results up to approximately f = 10 Hz. 

Further investigations are required in the high-frequency range.  

3.6.3.4 Influence of concrete strength 

According to the literature review performed by König & Danielewicz (1994), the concrete strength has 

no significant influence on the fatigue strength. However, in the literature controversial results can be 

found. This section summarizes some results and findings on fatigue loaded concrete performed using 

different concrete strength classes.  

Zhao et al. (1996) performed fatigue tests on 70,7·70,7·212 mm3 and 100·100·300 mm3 concrete spec-

imens of different concrete strength classes. The mean concrete compressive strength of the test speci-

mens was fc= 27,6 N/mm2 and fc = 62,7 N/mm2. The fatigue step tests were carried out with various 

relative maximum stresses, and the relative minimum stress was Smin=0,1 in all tests. It was shown that 

the concrete fatigue strength is approximately 5 % lower at 106 loading cycles in the high strength con-

crete. At Smax=0,7 maximum stress, the difference in terms of the fatigue life changes from 105 to 106 

number of cycles (Figure 3.40a). Since the determined Wöhler curves are not running parallel, the de-

viation of the fatigue strength may be more pronounced between normal-strength and high-strength 

concrete at higher loading cycles.  
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Kim & Kim (1996) also showed the negative effect of increasing concrete strength on concrete fatigue 

behaviour. The fatigue tests were carried out as constant amplitude tests in compression on d/h=100/200 

mm concrete cylinders of different strength class concrete (fc= 26, 52, 84, 103 N/mm2). More pro-

nounced decrease of the concrete fatigue strength was observed in the case of increasing concrete 

strength than it was shown by Zhao et al. (1996). 

a)  

b)  

Figure 3.40 a) Fatigue strength of concrete (Zhao et al. (1996)) b) Fatigue strength of concrete 

(Kim & Kim (1996))  

Comparing the results performed in fc=26 N/mm2 and 52 N/mm2, the concrete fatigue strength decreases 

approximately by 10% at 105 loading cycles and similarly to the observation of Zhao et al. (1996), the 
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effect of increasing concrete compressive strength on the concrete fatigue strength is even more pro-

nounced at higher loading cycles (Figure 3.40b).   

Hohberg (2004) investigated the influence of the concrete strength of the fatigue strength using 

d/h=100/300 mm concrete cylinder. The uniaxial constant amplitude fatigue tests were carried out on 

B25 ( ≈ C20/25), B45 ( ≈ C35/45), B95 ( ≈ C80/95) concrete types. In the tests, the minimum applied 

stress was Ϭmin=2 N/mm2 uniformly. Since the applied minimum stress Ϭmin corresponds to different 

relative minimum stresses (Smin) in case of different concrete strengths, the results cannot be compared 

correctly. The fatigue strength of B45 concrete is below that of B25. The fatigue strength decreases by 

5-8% at 106 loading cycles, which is in a good agreement with the previous findings of Zhao et al. 

(2006). However, the results from B95 high-strength concrete are in between the regression lines deter-

mined for the results of B25 and B45 (Figure 3.41). According to Hohberg, this phenomenon is associ-

ated with the scatter of the static concrete strength results.  

 

Figure 3.41 Fatigue strength of B25, B45, B95 concrete (Hohberg (2004))  

Wefer (2010) reported fatigue test results which were carried out on fc,cube=40 N/mm2, fc,cube=160 N/mm2 

(fine aggregate), fc,cube=40 N/mm2 (coarse aggregate) concrete. Furthermore, an ultra-high-performance 

concrete (UHPC) was also tested using straight 9 mm long steel fibres. The tests were performed as 

uniaxial constant amplitude tests on d/h=60/180 mm concrete cylinders in compression. With respect to 

the expected number cycles at failure, the tests were carried out with a universal testing machine 

(f = 10 Hz) or in a high-frequency fatigue testing machine (f ≈ 60 Hz). In the tests, the relative minimum 

stress was Smin = 0.05, Smin=0.20 and Smin=0.40, whereas the relative maximum stress was varied be-

tween Smax = 0.60 and Smax = 0.90.  Due to the higher scatter of the results in the range of Smax = 0.80, 

the comparison of the mean number of load cycles in UHPC show only slight deviation. In the ranges 

of Smax>0.80 and Smax<0.70, the deviation between the curves increases (Figure 3.42a). Based on the 
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comparison of the results between UHPC and Normal Concrete (NC) it was concluded that the higher 

concrete strength leads to the reduction of the concrete fatigue life.  

Wefer presented a new fatigue model for uniaxially loaded concrete in compression, which was adopted 

in the FIB Model Code 2010. For the verification, the proposed model was compared to his own results 

as well as to results from Lohaus et al. (2011). It was concluded based on the literature data that high-

performance as well as ultra-high-performance concrete show very similar fatigue behaviour. However, 

the results in high and ultra-high strength concrete are slightly below of those in C20 concrete.  

a)  

b)  

Figure 3.42 a) Mean number of load cycles in UHPC using Smin=0,05 (Wefer (2010)) b) Compari-

son of the concrete fatigue strength in Normal Concrete (NC) and UHPC (Wefer (2010)) 
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In Figure 3.43, the new fatigue model is compared to the Wöhler-curve of Model Code 1990, to the 

model according to Hsu (1981) and to the regression lines from Wefer (2010). The comparison shows 

that the Wöhler-curves of different strength class concrete are in the same scatter band. Therefore, it 

was concluded by Lohaus that there is no need for a concrete strength dependent modification factor for 

the fatigue strength in the design, i.e. the determined general Wöhler-curve should capture the fatigue 

behaviour of concrete of all strength classes.   

 

Figure 3.43 Comparison of Wöhler-curves (Lohaus et al. (2011)) 

Note that there exist results in the literature showing no significant influence or only a slight influence 

of the concrete strength on the concrete fatigue performance. Gaede (1962) performed fatigue tests on 

B120, B225 and B450 concrete on 10·10·50 mm concrete specimens with the aim of the determination 

of quasi-infinite fatigue strength at 2·106 loading cycles. The tests were carried out at f = 11,1 Hz using 

two different stress ratios, namely R = 0,14 and R = 0,75. The relative maximum stress of Smax = 0,65 

was determined at R = 0,14 minimum/maximum stress ratio for N = 2·106 loading cycles. The relative 

maximum stress showed a scatted between 0,63 - 0,68 including all the different concrete strength 

specimens. For R = 0,75 stress ratio, the determined mean maximum stress is Smax=0,86 at 2·106 loading 

cycles and the maximum stress varied between 0,85 and 0,87 including all the tests concrete types. 

Based on these results, no significant influence of the concrete static strength on its fatigue strength was 

reported by Gaede, if applied maximum stress is given as a percentage value of the corresponding short 

term static strength.  
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The executed tests of Bennett & Muir (1967) also show that the concrete static strength has no significant 

influence on the concrete fatigue behaviour. The tests were carried out on fc=56 N/mm2 and fc=70 N/mm2 

76·76·203 mm concrete prisms. It was observed that the relative maximum stress at N=2·106 loading 

cycles was only Smax=0,66 in the lower strength concrete and Smax=0,69 in the higher strength concrete. 

Although the deviation is small between the relative maximum stresses, these results are inconsistent 

with the other results in the literature. Note that the tests were carried out using constant minimum stress 

of Ϭmin=8,6 N/mm2 which corresponded to smaller relative minimum stress in case of the higher strength 

concrete and therefore it resulted in higher stress amplitude. This could be an explanation for the unex-

pected results.  

Leewuven & Siemens (1979) also carried out fatigue tests on d/h=150/450 mm concrete cylinders of 

fc=30 N/mm2 and fc=45 N/mm2 concrete strength. It was concluded based on the results that the higher 

strength concrete at the same stress amplitudes and minimum-maximum stress ratio fails at less number 

of cycles that those in lower strength concrete.   

No significant influence of the concrete strength on the concrete fatigue strength could be shown by 

Petkovic et al. (1992). The fatigue tests were carried out on d/h=150/300 mm concrete cylinders, and 

the tested concrete strength classes were B45 and B95 and LWC75. The evaluation of the results showed 

no difference in terms of the number of cycles at failure.  

It can be concluded based on the results of various authors that higher concrete compressive strength 

results in a decrement of concrete fatigue life if compared to lower-strength concrete at the same relative 

stress conditions. Most of the existing studies confirm this statement; several others report no significant 

change in the concrete fatigue strength if the maximum stress related to the static concrete compressive 

strength. Although in most of the literature data the negative effect was shown, in the fib Model Code 

2010, the proposed model does not account for a concrete strength dependent reduction factor. 

3.6.3.5 Influence of loading break 

Since the fatigue-loaded concrete is rarely subjected to continuous load cycling over its service life, the 

influence of breaks in the loading regime is a subject of many studies in the literature. This recent section 

gives an overview of the current findings regarding the influence loading pause on the concrete fatigue 

behaviour.  

Fatigue tests were carried out by Hilsdorf & Kesler (1966) on (1500 · 150 · 150 mm) 4-point bending 

specimens to investigate the influence of varying loading breaks on the concrete flexural tension fatigue 

strength. The fatigue tests were aborted for 1, 5 ,10, 20, 27 minutes after completing 4500 loading cycles 

with R = 0,17 stress ratio at f = 7,5 Hz. The concrete compressive strength was fc = 34,5 N/mm2. It was 

concluded by Hilsdorf & Kesler (1966) that the longer pause in the loading regime is inserted, the higher 
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the number of loading cycles at failure is. However, the beneficial effect of the breaks in the loading 

regime is more pronounced in the high cycle fatigue range (N>105).  

Weigler & Freitag (1971) executed two fatigue tests series, namely one series with 1-minute break and 

one series with 10 minutes break after completing N=1000 loading cycles. The tests were executed using 

d/h=50/100 mm concrete cylinders with relative minimum stress of Smin=0,20 and relative maximum 

stress of Smax=0,74 (R=0,27). In contrast to the previous findings made by Hilsdorf & Kesler (1966), no 

influence of the inserted break on the number of cycles at failure was observed. 

Hohberg (2004) observed a controversial influence of the inserted pause on the number of cycles at 

failure. The results which were carried out at relative maximum stress of Smax=0,66 show a positive 

effect of the break because the number of cycles at failure is increased from N=165.000 to N=400.000 

if 30 minutes pause is inserted into the loading regime. To the contrary, the tests which were carried out 

with higher relative maximum stress (Smax=0,84) show the decrement of the bearable number of load 

cycles after 30 minutes of pause in the loading regime. The phenomenon was explained by the crack-

growth mechanism, which differs at higher and lower stresses.  

Breitenbücher et al. (2007) executed tests using C30/37 concrete cylinders, and test pauses were inserted 

into the loading regime after completing N=600.000 load cycles. The tests series were performed at 

relative maximum stress of Smax=0,675 and Smax=0,75, and in all tests, the minimum stress was constant 

(Smin=0,10). During the tests as well as during the pause the lateral and the longitudinal strains were 

continuously measured. During the pause, the specimens were kept unloaded, and the specimens showed 

the continuous reduction of the lateral and longitudinal strains to some extent. The extent of reduction 

is observed to be proportional to the duration of the pause. Due to the reloading, the residual strain 

achieved the strain at which the cyclic loading was aborted within ca. 1000 loading cycles. Regarding 

the number of cycles at failure, no significant influence as a result of pause was observed.    

Most of the studies conclude that inserting a pause in the loading regime is rather to be considered 

beneficial. However, based on the partly controversial results in the literature, no coherent design con-

cept exists taking into account the pause in the loading regime. Note that estimating the loading breaks 

in fatigue relevant applications is nearly an impossible task for the designing engineer. Therefore, im-

plementing such (rather) beneficial, but still uncertain effects in the design are unnecessary and would 

be in certain cases rather unsafe. 

3.6.3.6 Influence of non-constant amplitude 

Under realistic loading conditions, the concrete is rather subjected to a cyclic load of various amplitudes. 

Therefore, the experimental investigation of the influence of programme loading is of particular im-

portance. The investigations are basically made in order to validate the Palmgren-Miner linear damage 
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accumulation and to determine whether the total damage is equal or differ from one. In the following, 

some controversial results from the literature are presented. 

Hilsdorf & Kesler (1966) investigated in two test series the influence of stepwise increased and stepwise 

decreased load amplitude on the fatigue life. The results showed that Palmgren-sum is M < 1 for the 

stepwise increasing loading regime, whereas the total sum is M > 1 in case of stepwise decreasing load 

amplitude. The results show that the sequence of the different load amplitudes has an influence on the 

total damage. However, the sequence of the different load amplitudes is not captured by the Palmgren-

Miner damage summation method.  

Tepfers et al. (1977) also carried out fatigue tests on d/h = 25 / 50 mm concrete cylinders using a se-

quence of increasing and decreasing load amplitudes. The results showed considerably great scatter, and 

the calculated total damage was below once beyond 1. Therefore, no clear conclusion regarding the total 

permissible cumulative damage for concrete could be made.  

Holmen (1979) recorded during the strain continuously during the fatigue tests. At the 20 % to 30 % 

percentage of the calculated fatigue life, the maximum stress was reduced from Smax,1 = 0.90 to Smax,2 

= 0.75.  It was shown that the reduction of the maximum stress leads to the decrease of the ultimate 

strain at failure. The measured strain before the reduction of the stress amplitude was achieved after 

reducing the stress amplitude within a few loading cycles at it was exceeded within a short time of 

further cycling. The strain increase rate was more observed to be more pronounced after reducing the 

stress amplitude. During the series, where the stress amplitude was increasing from Smax,1 = 0.75 to Smax,2 

= 0.90 the ultimate strain increased significantly. The measured ultimate strain was nearly equal to the 

strain during the tests carried out with constant Smax,1 = 0.90 maximum stress. It was concluded by 

Holmer that such loading scenarios where the smaller amplitude follows a higher applied stress ampli-

tude are significantly more unfavourable.  

The results reported by Oh (1991) include fatigue tests on 4-point bending specimens. The results show 

that total cumulative damage is greater than M > 1, in the case of stepwise increasing load amplitudes. 

The cumulative damage M < 1 was reported for loading cases, where the higher amplitudes were fol-

lowed by lower amplitudes. Based on these results, the linear damage accumulation could not be con-

firmed.  

Zhao et al. (1996) carried out fatigue tests on concrete prisms, and he also reports higher total cumulative 

damage than 1 if the load amplitude is increased throughout the loading history and smaller than 1 if a 

higher amplitude is being reduced during the test.  

Cornelissen (1984) also carried out programme loading tests in pulsating tension. In the programme 

loading tests, the different loading scenarios include stepwise increased, stepwise decreased and de-

creased-increased successive loading blocks. The evaluation of the test data was performed using the S-
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N relation as well as based on the secondary creep rates in the corresponding loading blocks. Although 

the Miner´s Rule does not account for the sequence of the applied different loading blocks, the results 

show that the Miner´s Rule M = 1 is basically a safe approach. It was furthermore shown that the Miner 

sums are much closer to 1 when the evaluation is based on the secondary creep rates. It is explained by 

the fact that the secondary creep gives a better response to the damage caused by the predecessor loading 

block.   

The presented results show that the sum of the damage on different load levels/amplitudes is not linear. 

The sequence of the different load levels/amplitudes plays an important role. Some research data reports 

about the general safety of the Miner´s rule (M = 1); however, some not. The total sum of the damage 

(Miner's sum) shall be higher than M > 1 at fatigue failure if the loading protocol begins with a lower 

amplitude which is being increased. To the contrary, the total damage at the fatigue failure may be less 

than 1 if the loading regime begins with a higher amplitude that is being reduced. 

3.6.3.7 Summary of the influence factors on the concrete fatigue strength 

In the previous Sections, the main factors influencing the concrete fatigue strength were presented along 

with a vast number of literature data. The influencing factors are considered as important, when their 

effect (increasing or decreasing) on the fatigue strength is significant. Opposite to that, those influence 

factors having a rather minor influence on the concrete fatigue strength are considered as less important. 

The most important influence factor obviously is the change of the maximum and minimum stresses as 

well as the loading type (reversed compression, pulsation tension or alternating tension-compression). 

The literature data presented in Section 3.6.3.1 is coherent in terms of the effect of minimum and max-

imum loads. Basically, most experimental works put emphasis on the concrete fatigue behaviour under 

compression. It is well understandable, because the concrete is considered under compression in the 

design and only a few applications consider the tensile strength of concrete. The results show that the 

concrete failure is predicted at ca. N=2·106 if the maximum compressive stress is ca. 60 % of the mon-

otonic concrete compressive strength. A very important issue was highlighted by the research of Cor-

nelissen (1984), in which the concrete fatigue was investigated - among others - under alternating ten-

sion-compression. The significant decrease of the fatigue life was observed, even when very small com-

pressive minimum stresses were applied. The concrete fatigue tensile strength reduces by ca. 20% if 

only 10% of fc compression is applied as minimum stress. The concrete condition (dry, wet) also plays 

an important role in terms of the concrete fatigue strength.  The literature reports ca. 5-15 % decrease of 

the concrete fatigue strength because of water saturation. The loading frequency is rather considered as 

a minor influence factor.  It is a generally accepted fact, that the increase of loading frequency yields in 

a longer fatigue life. However, several researches point out that the beneficial effect of the increased 

loading rate is more pronounced at higher maximal applied stresses. The effect of concrete strength was 
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also in focus in vast number of studies. The increased concrete compressive strength is rather a detri-

mental effect on the concrete fatigue strength. The break in the loading protocol was also investigated 

by several researchers. The effect of loading pause is not coherent in the literature.  Therefore, it is rather 

considered as a less important influence factor. To being able to verify the general safety of the use of 

the Miner´s rule to verify the concrete fatigue life under service loads, several studies exist where con-

crete specimens were subjected to programme loading scenarios. Unfortunately, the results are partly 

controversial, without having any decent explanation for the phenomena.  

Although a vast number of studies emphasized the concrete fatigue, there are several open questions. 

The greatest challenge regarding the evaluation of the concrete fatigue influence factors is presented by 

the different sample sizes used in the different existing studies and test conditions. The size effect must 

be addressed in further studies, because its effect may basically falsify the joint evaluation of literature 

coming from various sources in certain cases.  

Since the concrete – as a part of whole – is subjected non-constant amplitude loads, the general safety 

of the assumption over the linear damage accumulation shall be verified by further studies. Furthermore, 

the concrete fatigue behaviour must be also investigated under multi-axial loading, as most of the exist-

ing studies include results solely using concrete prisms and cylinders. The concrete fatigue threshold is 

also a very discussed question. The damage indicators are all showing the same damage progress – 

independently on the number of cycles at failure. Based on this, the concrete may not show a fatigue 

threshold, even at relatively small stresses. In order to overcome this discussion, further tests are required 

in the high to very-high cycle fatigue range.  

3.6.3.8  Models and current codes for concrete fatigue design 

• Fib Model Code 2010 

The current edition of FIB Model Code (2010) provides a method to evaluate the fatigue performance 

of plain concrete. The evaluations, given in the Model Code 2010, calculate the number of load cycles 

at failure for pure compression, alternating tension-compression and pulsating tension. The basis of the 

fib Model Code 2010 can be found in CEB Bulletin 188 “Fatigue of concrete structures, State-of-the-

Art Report” (CEB, 1988), fib Bulletin 45 and in Lohaus et al. (2010). The given formulas are valid for 

concrete at approximately 20°C, 65% relative humidity. The model is verified experimentally up to 107 

(log N = 7), and it is valid for high strength concrete up to C200.  

The Model Code 2010 offers basically three levels for the fatigue verification of structural concrete. 

Level 1 offers a simplified stress verification; Level 2 offers fatigue verification accounting for single 

load level (constant amplitude) and Level 3 fatigue verification accounts for the different operation 

stresses and uses the Miner´s rule. 
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The Level 1 verification proposes a simplified method. According to the Level 1 verification, the fatigue 

verification can be omitted, if the number of cycles throughout the service life does not exceed 108 and 

the following criterion is fulfilled: 

   𝛾𝐸𝑑 ∙  𝜎𝑐,𝑚𝑎𝑥 ∙  𝜂𝑐 ≤ 0,45 ∙ 𝑓𝑐𝑑,𝑓𝑎𝑡 Equation 3.11 

γEd  partial safety factor to capture the model inaccuracy during the calculation of stresses 

   γEd = 1,1, in case of accurate stress calculation factor γEd = 1,0 may be applied 

σc,max  is the maximum compressive stress in MPa (=N/mm2) in frequent action combination 

ηc  Reduction factor for the compressive stresses in the bending pressure zone 

fcd,fat  design value of the uniaxial concrete strength (Equation 3.15)  

The Level 2 verification is fulfilled in the expected number of cycles throughout the service life does 

not exceed the number of cycles associated with fatigue failure (Equation 3.12). 

 𝑛 ≤ 𝑁 Equation 3.12 

n   expected number of cycles within the service life  

N  number of cycles at fatigue failure calculated by Equation 3.14 to Equation 3.17 

Since no cut-off limit for concrete was determined experimentally as of yet, for log N > 8, the proposed 

Wöhler - curves asymptotically converge to the respective minimum stress level. Equation 3.13 and 

Equation 3.14 describe the S-N relations which were evaluated and are shown in Figure 3.44. According 

to the Model Code 2010, that fatigue reference compressive strength fck,fat is estimated such that it ac-

counts for the increasing compressive strength (Equation 3.15).   

Reversed compression: 

log𝑁1 =
8

𝑌 − 1
 (𝑆𝑐,𝑚𝑎𝑥 − 1) Equation 3.13 

log𝑁2 = 8 +
8 ln(10)

𝑌 − 1
(𝑌 − 𝑆𝑐,𝑚𝑖𝑛)log (

𝑆𝑐,𝑚𝑎𝑥 − 𝑆𝑐,𝑚𝑖𝑛

𝑌 − 𝑆𝑐,𝑚𝑖𝑛
) Equation 3.14 

With: 𝑌 =
0,45+1,8 𝑆𝑐,𝑚𝑖𝑛

1+1,8 𝑆𝑐,𝑚𝑖𝑛−0,3 𝑆𝑐,𝑚𝑖𝑛
2 

Where: 

(a) If log𝑁1 ≤ 8, 𝑡ℎ𝑒𝑛 log𝑁 = log𝑁1 

(b) If log𝑁1 > 8, 𝑡ℎ𝑒𝑛 log𝑁 = log𝑁2 

With: 
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𝑆𝑐,𝑚𝑎𝑥 =
|𝜎𝑐,𝑚𝑎𝑥|

𝑓𝑐𝑘,𝑓𝑎𝑡
; 𝑆𝑐,𝑚𝑖𝑛 =

|𝜎𝑐,𝑚𝑖𝑛|

𝑓𝑐𝑘,𝑓𝑎𝑡
; ∆𝑆𝑐 = |𝑆𝑐,𝑚𝑎𝑥| − |𝑆𝑐,𝑚𝑖𝑛| 

𝑓𝑐𝑘,𝑓𝑎𝑡 = 𝛽𝑐𝑐(𝑡)𝛽𝑐,𝑠𝑢𝑠(𝑡, 𝑡0)𝑓𝑐𝑘 (1 −
𝑓𝑐𝑘
400

) Equation 3.15 

Compression-tension with σct,max ≤ 0,026 | σc,max | 

log𝑁 = 9(1 − 𝑆𝑐,𝑚𝑎𝑥) Equation 3.16 

Pure pulsating tension and alternating tension-compression σct,max > 0,026 | σc,max | 

log𝑁 = 12(1 − 𝑆𝑐𝑡,𝑚𝑎𝑥) Equation 3.17 

With: 

𝑆𝑐𝑡,𝑚𝑎𝑥 =
𝜎𝑐𝑡,𝑚𝑎𝑥

𝑓𝑐𝑡𝑘,𝑚𝑖𝑛
 

Where: 

N  is the number of cycles to failure; 

Sc,max  is the maximum compressive stress level; 

Sc,min  is the minimum compressive stress level; 

Sct,max  is the maximum tensile stress level; 

∆Sc  is the stress amplitude; 

σc,max  is the maximum compressive stress in MPa (=N/mm2); 

σc,min  is the maximum compressive stress in MPa (=N/mm2); 

σct,max  is the maximum tensile stress in MPa (=N/mm2); 

σct,min  is the minimum tensile stress in MPa (=N/mm2); 

fck  is the characteristic concrete compressive strength in MPa (=N/mm2); 

fck,fat  is the fatigue reference compressive strength (Equation 3.15); 

fctk,min  is the minimum characteristic tensile strength; 

βcc(t) is a coefficient which depends on the concrete age at the onset of fatigue loading and 

from the cement type 

βc,sus(t,t0) is a coefficient which takes into account the effect of high mean stress during loading. 

For fatigue loading it may be taken as 0,85. 

The corresponding Equations for reversed compression, alternating compression-tension and for alter-

nating tension-compression were evaluated and are shown in Figure 3.44 and Figure 3.45, respectively. 
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It can be observed that the MC2010 (Equation 3.14) assumes a different slope of the Wöhler-curves 

beyond 108 loading cycles and all curves above 108 asymptotically approach the  minimum applied 

stress level of the corresponding curve. 

 

Figure 3.44 S-N relation according to FIB Model Code 2010 for reversed compression and 

alternating compression-tension  

 

Figure 3.45 S-N relation according to FIB Model Code 2010 for pure pulsating tension and 

alternating tension-compression, comparison  

Furthermore, in Figure 3.45, the S-N relations proposed for pure pulsating tension by Cornelissen were 

plotted for comparison with the MC2010.  

It is to note that the MC2010 proposes the same S-N relation for pure tension and alternating tension-

compression and in case of alternating tension-compression, the MC2010 does not limit the compressive 

stress.  

The Level 3 verification may be used according to Model Code 2010 if the load collective is known for 

the entire service life. When different stress levels (stress amplitudes) are expected throughout the ser-
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vice life, the Model Code estimates the total damage using the Palmgren-Miner linear damage accumu-

lation. Although the summation of the total damage (Miner's sum) varies in the different codes and 

literature data between M=0,2 and M=1, according to the proposal of the Model Code 2010, the fatigue 

failure occurs if total damage is M=1 (Equation 3.18).  

𝑀 = ∑
𝑛𝑆𝑖

𝑁𝑅𝑖

𝑗
𝑖=1 ≤ 1  Equation 3.18 

Where: 

M  is the sum of fatigue damage (Miner's sum) 

nSi  is the number of acting stress cycles at a given stress level and stress range 

NRi  is the number of cycles causing failure at the same stress level and stress range 

 

It is noted in the Model Code that the concrete fatigue strength may be lower if the permeable concrete 

is immersed in water and the pores are water-filled. However, the given Model Code currently does not 

account for water saturated concrete. It is also remarked in the Model Code that the S-N relations given 

may also be applicable for self-compacting concrete, but further experiments are required for better 

evidence. Although the negative effect of higher compressive strength on the fatigue strength is vali-

dated by many experiments, it is taken into account using a best-fit curve in the comparison of a huge 

number of data up to C200 in the Model Code.   

In case of concrete members without shear reinforcement, the fatigue verification is successful if the 

expected number of cycles (n) throughout the service life does not exceed the number of cycles associ-

ated with fatigue failure (xx) 

𝑛 ≤ 𝑁 Equation 3.19 

n   expected number of cycles within the service life  

N  number of cycles at fatigue failure calculated by (xx) 

   log𝑁 = 10 ∙ (1 − 𝑉𝑚𝑎𝑥/𝑉𝑟𝑒𝑓) Equation 3.20 

Where: 

Vmax maximum shear stress from the decisive combination from permanent loads incl. pre-

stress and cyclic live loads  

Vref shear resistance of the cross-section without shear reinforcement  

• Eurocode 2 (DIN EN 1992-1-1:2011-01) 
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According to the Eurocode 2 (DIN EN:1992-1-1:2011-01), the fatigue verification is required for rein-

forced concrete structures in case they are subjected to regular load cycles. Fatigue relevant loads on 

concrete structures are crane loads, wind loads, wave loads or live loads on bridges etc. The fatigue 

verification is required to be carried out on concrete and on steel separately. The stresses are to be de-

termined on cracked cross-section, and the concrete tensile strength is to be neglected in the design. 

During the determination of the stresses, the linear stress-strain relationship for concrete under compres-

sion shall be used. The fatigue verifications according to Eurocode 2 may be carried out on three levels. 

The complexity of calculation is increasing with the different verification levels. The three different 

levels are: 

(1) Level 1: Simplified Fatigue Verification: Maximally permitted stress amplitude is given for 

steel and for concrete the maximum and minimum stress levels are defined in order to avoid 

fatigue failure provided that N<108   

(2) Level 2: Verification using damage equivalent stress range: Damage equivalent stress range and 

the corresponding number of load cycle must be calculated for both steel and concrete and the 

calculated damage equivalent stresses must be smaller than the permitted stress amplitudes at 

the corresponding given load cycles.  

(3) Level 3: Explicit verifications using Palmgren-Miner Rule: (only for steel and pre-stressed steel) 

On the basis of the Palmgren-Miner Hypothesis, load spectrums are to be summarized and shall 

be verified using, i.e. Reservoir-Method of Rainflow-Method. 

In the case of Level 1 verification, the fatigue verification may be omitted if the expected number of 

cycles throughout the service life does not exceed 107 and the xx is fulfilled.  

𝜎𝑐,𝑚𝑎𝑥

𝑓𝑐𝑑,𝑓𝑎𝑡
≤ 0,5 + 0,45

𝜎𝑐,𝑚𝑖𝑛

𝑓𝑐𝑑,𝑓𝑎𝑡
{
≤ 0,9 𝑓𝑜𝑟 𝑓𝑐𝑘 ≤ 50 𝑁/𝑚𝑚2

≤ 0,8 𝑓𝑜𝑟 𝑓𝑐𝑘 > 50 𝑁/𝑚𝑚2 Equation 3.21 

Where: 

σc,max  is the maximum compressive stress under frequent load combination   

σc,min  is the minimum compressive stress at the same location, where σc,max was determined 

fcd,fat  design value of the uniaxial concrete strength (Equation 3.26) 

The Level 2 verification is to be carried out based on the calculation of a damage equivalent stress 

amplitude at 106 load cycles. According to the EN1992-1-1, concrete fatigue failure is not decisive if 

Equation 3.22 is fulfilled. 

𝐸𝑐𝑑,𝑚𝑎𝑥,𝑒𝑞𝑢 + 0,43√1 − 𝑅𝑒𝑞𝑢 ≤ 1 Equation 3.22 
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Where: 

𝑅𝑒𝑞𝑢 = 𝐸𝑐𝑑,𝑚𝑖𝑛,𝑒𝑞𝑢/ 𝐸𝑐𝑑,𝑚𝑎𝑥,𝑒𝑞𝑢 Equation 3.23 

𝐸𝑐𝑑,𝑚𝑖𝑛,𝑒𝑞𝑢 = 𝜎𝑐𝑑,𝑚𝑖𝑛,𝑒𝑞𝑢/𝑓𝑐𝑑,𝑓𝑎𝑡 Equation 3.24 

𝐸𝑐𝑑,𝑚𝑎𝑥,𝑒𝑞𝑢 = 𝜎𝑐𝑑,𝑚𝑎𝑥,𝑒𝑞𝑢/𝑓𝑐𝑑,𝑓𝑎𝑡 Equation 3.25 

Where: 

Requ  is the ratio of the minimum and maximum stress 

Ecd,min,equ is the relative minimum compressive stress level 

Ecd,max,equ is the relative maximum compressive stress level 

σcd,max,equ is the maximum compressive stress 

σcd,min,equ is the minimum compressive stress 

Similar to the Model Code 2010, the fatigue reference strength (fcd,fat) can be calculated as follows 

(Equation 3.26): 

𝑓𝑐𝑑,𝑓𝑎𝑡 = 𝑘1𝛽𝑐𝑐(𝑡0)𝑓𝑐𝑑 (1 −
𝑓𝑐𝑘
250

) Equation 3.26 

Where: 

βcc(t0)  is the compressive strength at the beginning of the fatigue loading 

t0  is the concrete age at the beginning of the fatigue loading 

k1  is to be taken from the National Annex, 0,85 is recommended for N=106 

fcd  design value of the concrete compressive strength 

The Equation 3.21 also defines a quasi-endurance limit at 0,5 fcd,fat maximal stress and at zero minimum 

stress. This equation can also be applied for the fatigue verification of struts in shear loaded members. 

However, in this case, the reference fatigue strength fcd,fat shall be reduced.  

Similarly to that under compression, the verification against fatigue relevant shear load also preclude 

the fatigue failure provided that the applied maximum shear load is less than 0,5 times the static refer-

ence design value of resistance (at zero minimum shear load). In the verification under shear loading 

there is different upper cut-off limit for concrete strength class up to C50/60 and for concrete strength 

class higher than C55/67. 

The Level 3 verification is not regulated in EN 1992-1-1/NA. However, the fatigue verification using 

the Miner´s rule taking into account the operational stresses may be used according to EN 1992-2 for 



 

82 STATE OF THE ART - FATIGUE 

 

reinforced concrete and prestressed concrete bridges. The reference Wöhler-curves for the verification 

shall be taken from  Equation 3.22. 

In concrete members subjected to shear loading (without shear reinforcement) the concrete fatigue is 

not decisive if  Equation 3.27 and Equation 3.28 are satisfied. 

For VEd,min  / VEd,max  ≥ 0: 

|𝑉𝐸𝑑,𝑚𝑎𝑥|

|𝑉𝑅𝑑,𝑐|
≤ 0,5 + 0,45

|𝑉𝐸𝑑,𝑚𝑖𝑛|

|𝑉𝑅𝑑,𝑐|
{

 ≤ 0,9  𝑢𝑝 𝑡𝑜 𝐶50/60
 ≤ 0,8 ℎ𝑖𝑔ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝐶55/67

 Equation 3.27 

For VEd,min  / VEd,max  < 0: 

|𝑉𝐸𝑑,𝑚𝑎𝑥|

|𝑉𝑅𝑑,𝑐|
≤ 0,5 −

|𝑉𝐸𝑑,𝑚𝑖𝑛|

|𝑉𝑅𝑑,𝑐|
 Equation 3.28 

Where: 

VEd,max  is the design value of the maximum shear load from the frequent combination 

VEd,min is the design value of the minimum shear load from the frequent combination at the 

same location, where VEd,max was determined 

VRd,c is the design value of resistance  

3.6.3.9 Comparison of the guidelines 

In the previous paragraphs, the fatigue design of concrete according to the FIB Model Code 2010 and 

according to the Eurocode was presented briefly. In this paragraph, the two design guides are compared, 

and the main differences are outlined, i.e. how the different design guides deal with the different im-

portant and less important influence factors.  

Both the Eurocode and fib Model Code account for the important influence parameters like minimum 

or maximum stress, concrete strength, loading type (compression, alternating tension-compression and 

pulsating tension) in the design. However, other parameters - which are also considered as important 

parameters - such as concrete condition (wet or dry) and loading frequency are not captured. 

The fib Model Code accounts for the concrete compressive strength in a way that best-fit curve covers 

test results up to C200 concrete strength class. The Eurocode accounts for an increased concrete strength 

in a simplified way. Namely, it differentiates between concrete strength classes less than 50 N/mm2 and 

for more than 50 N/mm2 concrete compressive strength. The second main difference is the handling of 

the concrete infinite life. The fib Model Code evaluates the fatigue life over the whole stress range in a 

way that the S-N curves asymptotically approach the applied minimum stress of the related curve beyond 

108. This is a conservative approach assuming a non-existing concrete fatigue threshold. To the contrary, 
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the Eurocode 2 assumes a quasi-endurance limit at around 50 % of the design value of the concrete 

compressive strength (in compression). The fib Model Code proposes the use of the Palmgren-Miner 

damage accumulation with an assumed Miner´s sum of 1 at the fatigue failure. It is indicated in the 

MC2010 though, that the reported Miner´s sums vary between 0,2 to 1,0 and the use of the Miner´s rule 

is only a rough approximation of the concrete fatigue behaviour. The Eurocode only proposes the 

Palmgren-Miner Hypothesis at “Level 3” verification and only for the embedded steel in the concrete.  

  



 

84 STATE OF THE ART - FATIGUE 

 

3.7 Fatigue behaviour of steel at material level 

3.7.1 General 

In the case of steel, the fatigue presents the cause of the failure in 80-90% of the cases. Because of this, 

a large number of experimental investigations were carried out to provide comprehensive knowledge of 

the influencing factors of steel fatigue and for a better understanding of the steel fatigue failure mecha-

nism. In the following sections, the fatigue mechanism of steel and the important influence parameters 

are described with results from the literature. 

3.7.2 Fatigue failure mechanism and influencing parameters 

The fatigue damage process of steel can be characterized by three phases, namely (1) crack nucleation 

(crack initiation) at nanometer and micrometer-level in the region of the maximum stresses, (2) crack 

propagation and (3) instable phase with the final fatigue failure. Maximum stress concentrations are 

typically located in the region of geometry changes, welded connections, threads on screws, corners etc. 

The first systematic investigation of the fatigue of steel was carried out by Wöhler (1870), who found 

that the fatigue strength is much less than the static strength and is proportional to the number of cycles. 

 

In contrast to the brittle nature of concrete, which shows cracking at relatively very low stresses, on can 

differentiate between two phases, namely crack initiation and crack growth, since the two effects are 

governed by a different effect.  

The crack nucleation is mainly governed by the stress concentration factor, whereas the stress intensity 

factor controls the crack growth. The different phases of the damage process are depicted in Figure 3.46, 

where the curves represent the crack growth of steel with different surface finish. It can be observed that 

the initial crack size is smaller on a polisher surface than in materials with inherent defects. In the case 

of materials without imperfections, a very large part of the fatigue life involves almost invisible cracks. 

The phase of no crack nucleation at 0,1 to 10 nanometer is of particular interest, because the damage, 

which is obviously invisible in this range, does not contribute to the total fatigue damage. This is the 

main difference to the concrete, which shows cracking even if unloaded. A further important observation 

is that the initial crack size is significantly smaller in case the surface is polished, whereas the crack size 

is significantly higher if imperfections are given.    
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Figure 3.46 S-N Crack growth of steel in different types of surface finish (Schijve (2001)) 

Under fatigue loading, the steel cross-sections show a typical fracture surface. On the fracture surface, 

the crack nucleation point can be observed. With increasing number of load cycles, the crack propagates 

around the crack nucleation point building almost concentric curves. After a certain number of cycles, 

the cracked area exceeds a critical value leading to the sudden steel rupture of the remaining cross-

section (Figure 3.47). The fracture surface of fatigue-loaded steel can be easily identified.  This is also 

different from the concrete fracture, which does not differ from that fracture due to static loading.  

 

Figure 3.47 Macrograph of fatigue fracture surface in a steel shaft (taken from Pantazopoulos & 

Papaefthymiou (2015)) 
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Based on numerous experimental studies the following main influence factors of steel fatigue were ob-

served: 

• Minimum and maximum stresses 

• Stress range, stress type 

• Size effect 

• Cumulative damage and load sequence 

• Surface finishing, finishing method 

• Geometry (notches, imperfections) 

• Residual stresses 

• Steel strength 

• Environmental conditions (temperature, corrosive environment, freeze-thaw) 

In the following sections, the above influencing factors will be presented with corresponding examples 

from the literature. 

3.7.3 Manufacturing method and surface finish 

The crack nucleation under fatigue loading is commonly located on the free surface of the component 

or of the cross-section. The surface finish has a significant effect on the steel fatigue strength since the 

surface finish governs the primary part of the fatigue damage process (Schivje, 2001). The different 

finishing methods are intended to increase the surface strength and to provide higher resistance against 

the aggressive medium. The most common finishing methods include: carburizing, nitriding, flame 

hardening and shot peening (Suresh, 1998). The different machine treatments such as grinding, polish-

ing, and milling result in different surface roughness. The crack nucleation occurs easier on a rough 

surface due to local stress concentrations, which are generally the origin of the cracks. Thread cutting 

induces micro-cracks and causes the damage of the steel crystal structure and the damage caused is 

considered as a notch, which leads to the significant reduction of the fatigue strength. To the contrary, 

cold-rolling improves the steel fatigue behaviour. Although the cold-rolling also damages the steel crys-

tal structure, the rolling reduces the uneven stress concentrations caused and thus it shows remarkably 

better fatigue life. Furthermore, the influence of heat treatment also influences the fatigue strength in 

the case of thread rolling as it is shown in Figure 3.48 (Illgner (1979)).  
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a)  

b)  

Figure 3.48 a) The influence of manufacturing method on fatigue strength of steel (Illgner, 

1979); b) The influence of surface finish on fatigue strength of steel (Schivje, 2001) 

In the case of steel reinforcing bars, the forming of the steel surface, as well as the rib geometry, have a 

significant influence on the fatigue strength. Although the ribs ensure a versatile bond behaviour be-

tween steel and concrete providing mechanical interlock and friction simultaneously, they have a nega-

tive influence on the fatigue strength of the steel reinforcing bars. On the transition zone between the 

ribs and the valleys, stress concentrations are present, which are potential crack nucleation points. If the 

steel yield strength is exceeded, the steel plasticizes to some extent. The extent of the plasticized zone 

is influenced by the applied stress, steel yield strength, stress concentration factor, radius of rounding. 

Therefore, the notch effect is dependent mainly on the rib geometry (Nürnberger (1982)). The smaller 

the radius of the rounding, the higher the notch effect is and the higher the stress peaks are. 
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a)  

b)  

Figure 3.49 a) Influence of rib geometry on the stress concentration factor (Nürnberger (1982)); 

b) Fatigue behaviour of steel reinforcing bars with different rib geometry (Nürnberger (1982)) 
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3.7.4 Residual stress 

As a result of mechanical, physical and chemical actions, residual stresses may be present in the mate-

rials. The different levels of residual stresses are strongly dependent on the final finishing method. In 

general, the residual stresses caused by rolling, heat treatment etc. affect the fatigue behaviour in the 

same way as the mechanical stresses superimposed to the cyclic stresses. Compressive residual stresses 

are favourable, whereas tensile residual stresses lead to reduced fatigue strength. 

Compressive residual stresses can be induced either by mechanical or metallurgical methods. One typi-

cal example is cold rolling of fatigue sensitive areas; such as threads (Hertzberg (1995)). Cold rolling 

causes the material to plastically deform and spread laterally in the thread root area, but the bulk elastic 

material restraints this deformation, thus resulting in the compressive stresses at the thread root. 

3.7.5 Geometry and notch sensitivity 

It is reported by Wöhler, that the influence of geometrical irregularities has a strong influence on the 

steel fatigue strength. The presence of sharp edges, notches and discontinuities such as holes, joints, 

cross-section changes provoke non-uniform stress distributions causing stress concentrations. The stress 

concentrations are characterized by stresses which are much higher than the nominal stresses. As it is 

described in the previous section, these areas with high-stress concentrations are the potential origin of 

crack nucleation resulting in a premature fatigue damage process.   

In Figure 3.50 a screwed connection under tension is schematically depicted. The highest stress concen-

tration is expected in the cross-section of the first thread under the nut. According to this, the crack 

nucleation under fatigue loading is also expected in this cross-section. To quantify the notch effect, a 

theoretical stress concentration factor was introduced, which represents the ratio of maximum (local) 

and nominal stress. In the case of screwed connection under tension, the nominal stress is calculated as 

a fraction of the load and cross-sectional area.  

𝛼 =
𝜎𝑚𝑎𝑥

𝜎𝑛𝑜𝑚
 Equation 3.29 

Where σmax= maximum stress (at the concentration) 

σnom= nominal stress 

Higher stress concentrations lead to more pronounced degradation of the fatigue strength. With decreas-

ing curvature radius at the tip of the notch the stress concentration increases. Pilkey (2008) determined 

the stress concentration factor on bending and tension specimens of different geometries. However, the 

value of the stress concentration factor does not proportional to the steel fatigue strength. Fatigue test 

results from the literature show that the stress concentration factor overestimates the negative effect of 

the notch on the fatigue strength, i.e. the real stress concentration factor by which the notch influences 
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the fatigue strength is lower than the theoretical stress concentration factor. Therefore, the notch sensi-

tivity (Kf) under fatigue loading is represented by the fatigue notch factor (Equation 3.30). 

 

Figure 3.50 Stress distribution due to notch effect in the case of screwed connection under 

tension (Kloos & Thomala (2007)) 

𝐾𝑓 =
∆𝜎𝑢𝑛𝑛𝑜𝑡𝑐ℎ𝑒𝑑

∆𝜎𝑛𝑜𝑡𝑐ℎ𝑒𝑑
 Equation 3.30 

 

 

Figure 3.51 Typical values for stress concentration factor (Pilkey 2008) 



 

STATE OF THE ART - FATIGUE 91 

 

  

The notch sensitivity value (q) expresses, how well the theoretical stress concentration factor agrees 

with the real notch effect. Although many empirical formulas are found in the literature (Suresh, 1998), 

the most widely used reads as follows (Equation 3.31), which is also contained in the Manual of Fatigue 

Testing (ASTM Special Technical Publication, 1949): 

𝑞 =
𝐾𝑓 − 1

𝐾𝑡 − 1
 Equation 3.31 

Where  Kt= is the theoretical stress index 

 Kf= is the notch sensitivity. 

The value of the notch sensitivity index varies between zero and 1, where zero stays for no notch sensi-

tivity and 1 is the complete notch sensitivity. Literature data shows that a strong correlation exists be-

tween the notch geometry as well as the ultimate strength of the steel, of which the specimen is made of 

(Gurney, 1979). The influence of the effect of the notch and the ultimate strength on the fatigue strength 

at 106 loading cycles is shown in Figure 3.52. 

 

Figure 3.52 The effect of the notch and ultimate steel strength on the steel fatigue strength 

(Gurney, 1979) 

3.7.6 Size effect 

Regarding steel geometry, another important influencing factor on steel fatigue strength is the size ef-

fect. The greater the cross-sectional area of steel is; the higher the probability of the damage occurrence 

is. In the case of steel bolts, a significant influence of the bolt diameter was observed. With increasing 

bolt diameter, the fatigue strength decreases (Kloos & Thomala, 2007). This is shown in Figure 3.53.  
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However, an extrapolation for greater diameter is not possible, because the thread fineness as well as 

the notch effect changes significantly. A similar trend is observed for the different manufacturing meth-

ods and different levels of prestressing. The curves in Figure 3.53 correspond to quasi endurance limit. 

 

Figure 3.53 The effect of steel bolt diameter on the steel fatigue strength (Kloos & Thomala 

(2007)) 

 

Figure 3.54 The effect of reinforcement bar diameter on the fatigue strength (Tilly (1979)) 
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Tilly (1979) also showed the negative influence of the increased bar diameter on the fatigue strength in 

the case of steel reinforcement bars (Figure 3.54). The tests were carried out on free, uniaxial loaded, 

cold-formed rebars of the diameter Ø = 16 mm and Ø = 40 mm. The fatigue strength of Ø = 40 mm 

diameter rebar shows a 30-40% less fatigue strength over the entire cycling range.  

3.7.7 Effect of mean stress 

The steel fatigue strength is strongly dependent on the mean stress. Increased mean stress results in 

significantly reduced fatigue life (Suresh, 1998) (Figure 3.55). However, not all metals exhibit the same 

dependency on mean stress. Haibach (2006) summarized the mean stress sensitivity of different metals 

in Figure 3.56, whereby the mean stress sensitivity varies from zero to one.   

 

Figure 3.55 The effect of mean stress on the steel fatigue strength (Suresh (1998))  

Tilly (1979) investigated the influence of different mean stress on steel fatigue strength. The tests were 

carried out with ∆σ=40 N/mm2 stress amplitude, and the mean stresses were σmean=0 N/mm2 σmean=160 

N/mm2 σmean=275 N/mm2 in the different test series. The decrement of the fatigue strength due to the 

increased mean stress is shown in Figure 3.57. At 2·106 loading cycles, the difference in the fatigue 

strength with zero mean stress and with mean stress of 275 N/mm2 differs by 50%. 
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Figure 3.56 Mean stress sensitivity of different materials (Haibach (2006)) 

 

Figure 3.57 Influence of different mean stress on the steel fatigue strength (Tilly (1979)) 

3.7.8 Effect of steel strength 

The effect of the tensile strength on the steel fatigue strength is shown in Figure 3.58.  It was observed 

that the fatigue strength increases with increasing steel tensile strength in general. In the case of the un-

notched specimen, fatigue strength increases almost linearly with tensile strength. As a consequence of 

notch presence, the notch and the premature crack initiation eliminates the beneficial effect of increased 

tensile strength, which also confirms the importance of geometrical irregularities, notches etc. on the 
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steel fatigue behaviour. The influence of the increased ultimate steel strength on the fatigue strength at 

N = 106 is also shown in Figure 3.52. 

 

Figure 3.58 Influence of different mean stress on the steel fatigue strength (Tilly (1979)) 

3.7.9 Environmental conditions 

Environmental factors, for instance, the presence of aggressive media and the thereby induced corrosion 

play an important role in the fatigue life of steel. In the case of embedded steel reinforcing bars, the 

surface steel corrosion has no significant influence on steel fatigue strength. The steel surface corrosion 

occurs amongst others as a consequence of carbonized concrete. To the contrary, the pitting corrosion 

resulted by chloride exposure leads to notch effect and stress concentrations which finally leads to a 

significantly reduced steel fatigue strength. The investigation of the superimposed effects such as fa-

tigue-loading and corrosion is very important because fatigue-loaded structures such as offshore and 

onshore structures, bridges are often subjected to corrosive mediums (saline water, chloride, CO2 etc.). 

After the concrete is cracked, these mediums can penetrate into the concrete thus accelerating the cor-

rosion processes.  

Weber et al. (2007) investigated the fatigue strength of non-embedded and embedded steel reinforcing 

bars at laboratory conditions and at chloride exposure (1% chloride solution). The axial fatigue tests 

were carried out with constant maximum stress with different stress amplitudes. The test frequency was 

varied from f = 60 Hz to f = 100 Hz. The reduction of the fatigue strength due to 1% chloride solution 
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is shown by the comparison of  Figure 3.59a and Figure 3.59b. The results show at least a 50 % reduction 

of the steel fatigue strength due to the accelerated corrosion with chloride solution. 

a)  

b)  

Figure 3.59 a) Fatigue strength of reinforcing steel Ø=8 mm at laboratory conditions b) Fatigue 

strength of reinforcing steel Ø=8 mm in 1% chloride solution (Weber et al. (2007)) 

Similar degradation due to the aggressive medium was also reported by Boyer (1986). It was found, that 

the crack growth rate is strongly influenced if the steel was subjected to corrosive medium (Figure 3.60). 
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Further observation was that the degradation due to saline water more pronounced than that of freshwa-

ter. The steel fatigue strength (stress range) is about 55 % less (15 N/mm2) corresponding to 107 loading 

cycles as a consequence of saline water caused accelerated corrosion. 

 

Figure 3.60 Fatigue strength of reinforcing steel Ø=8 mm (Boyer (1986)) 

3.7.10 Overview of the fatigue design for steel according to Eurocode 1993:1-9 

3.7.10.1 Fatigue assessment of steel according to EN1993:1-9 

The fatigue verification of structural steel is regulated in Eurocode 1993, Part 1-9. The fatigue assess-

ment can be done either by a damage tolerant method or a safe life method.  

The damage tolerant method should provide sufficient reliability of the steel structure during the service 

life. This is to be provided by regular inspections, maintenance and correction of fatigue damage if 

necessary, whereas the safe life method provides the sufficient reliability of the structures without the 

need for regular inspection. 

The required reliability in damage tolerant method must be achieved amongst others by selecting such 

structural details, materials and service loads so that in the case of crack nucleation, the crack propaga-

tion rate is being kept low. Furthermore, the details are to be constructed in a way that the susceptible 

crack regions can be noticed during regular inspections. The choice of details and stress levels using the 

safe life method is to be done in such a way that the total damage at the end of the service life does not 

exceed the corresponding -values.  
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On the resistance side, fatigue strength curves are defined for a vast number of different detail-catego-

ries. A total of 75 curves are defined in Eurocode 3. The different details categories include structural 

details like plain members and mechanically fastened joints, welded built-up sections, butt welds, trans-

verse butt welds, weld attachments and stiffeners, load carrying welded joints, hollow sections, girder 

node joints etc. Each detail category defines the description of the geometry and the expected location 

of the fatigue induced crack. The fatigue strength curves are only valid if the crack nucleates in the 

assumed location. Each detail category is designated with a number, which stands for the reference 

fatigue strength ∆σc in N/mm2 at 2·106 loading cycles. 

Under axial stresses, the slope of the fatigue strength curves is m = 3 up to 5·106 load cycles, which 

corresponds to the constant amplitude fatigue limit and m = 5 between 5·106, and 108 load cycles. For 

shear loading, the slope of the fatigue strength curves is m = 5 up to 108 loading cycles. The constant 

amplitude fatigue limit (∆σD) corresponds to 5·106 load cycles, and the 108 is considered as a cut-off 

limit assuming an infinite fatigue life for stress amplitudes smaller than the corresponding coordinate. 

The fatigue strength curves for the different detail categories are shown in Figure 3.61 and Figure 3.62.  

• For constant amplitude nominal stress range, the fatigue strength can be calculated as follows: 

(
∆𝜎𝑐

∆𝜎𝑅
)
𝑚

=
𝑁

2 ∙ 106
 with m = 3 for N ≤ 5·106  Equation 3.32 

(
∆𝜏𝑐

∆𝜏𝑅
)
𝑚

=
𝑁

2 ∙ 106
 with m = 5 for N ≤ 108 Equation 3.33 

Where ∆σc and ∆c = detail category, reference value of fatigue strength at 2·106 load cycles  

 N  = load cycles  

 ∆σR  = stress amplitude (applied) 

The constant amplitude fatigue limit under axial stresses is: 

∆𝜎𝐷 = 0,737 ∆𝜎𝐶 

The cut-off limit under shear stresses is: 

∆𝜏𝐿 = 0,457 ∆𝜏𝐶 

• For nominal stresses with stress ranges above and below the constant amplitude fatigue limit 

∆σD the fatigue strength is calculated as follows: 

(
∆𝜎𝑐

∆𝜎𝑅
)
𝑚

=
𝑁

2 ∙ 106
 with m = 3 for N ≤ 5·106 Equation 3.34 
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(
∆𝜎𝐷

∆𝜎𝑅
)
𝑚

=
𝑁

5 ∙ 106
 with m = 5 for 5·106 ≤ N ≤ 108 Equation 3.35 

The cut-off limit under axial stresses is: 

∆𝜎𝐿 = 0,549 ∆𝜎𝐷 

 

Figure 3.61 Fatigue strength curves for axial stresses in the different detail categories according 

to Eurocode 1993:1-9  

  

Figure 3.62 Fatigue strength curves for shear stresses in the different detail categories according 

to Eurocode 1993:1-9  
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The Eurocode 3 allows the fatigue assessment of constant and variable stress amplitudes. The summa-

tion of the fatigue damage induced at different stress levels can be performed using a modified 

Palmgren-Miner Hypothesis, where a trilinear S-N curve under axial stresses and a bilinear S-N curve 

under shear stress is to be considered. Stresses below the cut-off limit do not contribute to the fatigue 

damage. The number of cycles at the different stresses may be calculated using, e.g. the Rainbow or 

Reservoir methods (description of the methods, see in Section 3.5). The controversial results in the lit-

erature make the linear damage accumulation questionable knowing the Palmgren-Miner damage sum-

mation does not account for the sequence of the different stresses applied through the service life.  

Although the method makes the design mathematically possible, the use of the damage accumulation is 

very rare in the engineering practice, because the precise stress history is not predictable with sufficient 

accuracy during the service life. Therefore, in most cases, the highest expected stress amplitude is used 

in the fatigue assessment, which may lead to safe and conservative fatigue design.  

The detail-category (FAT50) that captures the fatigue assessment of tension loaded steel bolts and 

threaded rods may be theoretically applied for the fatigue design of steel fasteners (see Figure 3.63). 

The constant amplitude fatigue limit is ∆σc = 50 N/mm2 at 2106 load cycles.  The size effect is taken 

into consideration by a ks-factor for bolts for diameters greater than 30 mm. By evaluating this factor, 

the reduction of fatigue strength reduces by 7 %. Another detail category defines the constant amplitude 

fatigue limit (∆R) for single and for double shear bolts. However, this applies only if the threaded part 

is not in the shear plane. Nota that this may be a much more favourable condition than in case of shear 

loaded fasteners, where the shear plane is mostly in the threads.  Therefore, the application of the 

FAT100 curve of EN1993-1-9 is rather questionable for shear loaded fasteners, and it required further 

investigations.  

 

Figure 3.63 Detail categories for bolts in EN 1993-1-9  
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The Eurocode 3 principally does not account for material strength. This is due to the fact that the fatigue 

behaviour is mostly dependent on the notch effect and on the structural detailing. The design allows the 

fatigue assessment of steel in steel strength classes ranging from S235 to S700.  

3.7.10.2 Experimental basis of the S-N curve in Eurocode 3  

In this chapter, the experimental basis of the detail category (FAT50) valid for bolts is discussed. The 

FAT50 fatigue curve for steel bolts was determined based on experimental works of Kuperus (1974), 

Lieurade (1976), Fischer & Frank (1977), Bouwman (1979), and Lacher (1986). Most tests were carried 

out with constant mean stress, at different stress amplitudes. The evaluation of tests was performed 

according to DIN-EN-1990 (2010). According to Eurocode 3, a minimum of 10 fatigues tests is required 

for the evaluation. The determined “characteristic” Wöhler-curve is associated with 90% confidence 

limit. The experimental data set and its comparison to the Detail category 50 is shown in Figure 3.64. 

 

Figure 3.64 Experimental data set for the detail category FAT50 in EN 1993-1-9  
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3.8 Fatigue behaviour of fasteners 

3.8.1 General 

The increasing demand for post-installed and cast-in-place anchors in fatigue relevant applications re-

quire the detailed knowledge of the fatigue behaviour of fasteners. The fastener is considered as a system 

of more components. The fastening system consists of the fastener itself, generally made of steel, the 

base material and eventually the adhesive in the case of bonded anchors or plastic anchor parts. The 

fastening system fails by fatigue if one of these components fails. The main target of the research activ-

ities on the fatigue behaviour of fasteners is to characterise the fatigue behaviour of the different com-

ponents (steel, concrete, adhesive, plastic etc.) in the form of S-N curves determined for each. Note that 

in the case of anchor groups the stresses may be redistributed after the failure of one component and 

thus it may not lead to the failure of the entire fastening system, but to the increase of the load on the 

single anchors within the group.  

As it is shown by the literature review, the different materials exhibit different fatigue failure mecha-

nisms (Section 3.6 and Section 3.7). The relative fatigue strength of concrete, steel, polymer etc. may 

deviate from each other at the same number of cycle. A qualitative schematic comparison of Wöhler-

curves of steel and concrete is shown in Figure 3.65. If the characteristic Wöhler-curves of the different 

failure modes and materials are known, the decisive failure mode can be predicted, provided that the 

tests are comparable, i.e. the tests were carried out using the same stress ratios or minimum stresses. The 

lower curve always represents the decisive failure mode. The crossing of the different Wöhler-curves 

means that due to the different relative fatigue strength of the different materials, the decisive failure 

mode may change. For low levels of loads (stresses) and a high number of load cycles, the concrete 

failure may present the decisive failure, which can be crucial for fasteners with shallow embedment 

depths. This hypothesis is based on the literature data on the concrete and steel. Whereas steel may 

exhibit an endurance limit, concrete fails by fatigue even at relatively small stresses.  

 

  Figure 3.65 Qualitative comparison of Wöhler-curves in case of concrete cone failure and steel 

failure of an expansion anchor loaded in tension, (figure reproduced based on Block (2001)) 
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In this section, the experimental work on the fatigue behaviour of fasteners is summarized. With the 

careful choice of the test parameters, the different failure modes of the fasteners can be provoked during 

the testing. For example, if the investigation of the concrete cone is intended, the steel diameter must be 

sufficiently great. Furthermore, by using shallow embedment depths, the overall load range and there-

fore the steel stress can be reduced, so that steel fatigue failure can be reduced. At the end of the section, 

the results taken from the different authors are summarized based on the different failure modes. 

3.8.2 Experimental works  

Fuchs (1985) performed fatigue tests on two types of expansion anchors and one type of undercut anchor 

loaded in pulsating tension in non-cracked plain concrete (fc=21 N/mm2).  The embedment depth was 

80 mm uniformly, and the nominal diameter of the anchors was 12 mm (steel grade 8.8).  The fatigue 

tests were carried out as constant amplitude tests with a minimum-maximum load ratio of R = 0,1. The 

observed failure modes were pull-out followed by partial concrete cone, steel failure and pull-through. 

The anchor which failed by pull-through under fatigue loading also exhibited pull-through under static 

loading. The results are shown in Figure 3.66. The dashed line represents the reduction of the fatigue 

strength as proposed by Cornelissen (1984) under pulsating-tension and Fuchs (1984) proposed the ex-

tension of the dashed line with the full line, which is a based on the limit values obtained for steel failure 

(Wiegand (1974)). The steel failure results are slightly above the Eurocode 3:1-9 FAT50 curve, which 

confirms the applicability of the FAT50 Detail Category for screwed connections in Eurocode 3.   

 

Figure 3.66 Fatigue behaviour of fasteners (expansion anchor and undercut anchor) (Fuchs, 

1985) 
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Lotze (1993) carried out constant amplitude fatigue tests on Ø22 steel headed studs to investigate the 

fatigue behaviour in the case of concrete cone failure under pulsating-tension loading. The anchor head 

diameter was 35 mm, and the embedment depth was hef = 80 mm. The load-transfer area above the head 

was AK=581 mm2. The use of cast-in-place headed studs is suitable for testing the response of post-

installed fasteners in the case of concrete cone failure because the effect of pre-stressing force can be 

eliminated and the steel failure can be avoided with a sufficient shaft diameter both under static and 

fatigue loading. The headed studs were cast in low-strength concrete slabs. The concrete compressive 

strength determined on a=200 mm concrete cubes was fc,200= 27,2 N/mm2. The minimum load during 

the fatigue tests was 10% of the static concrete cone capacity in all tests, and the tests were carried out 

with different maximum loads. All tests failed by concrete cone failure. The Wöhler-curve shown in 

Figure 3.67 was determined with linear regression of the results taking into account the failure points as 

well as the run-outs (Equation 3.36). 

log𝑁 = 16,63 − 15,55
𝐹𝑚𝑎𝑥

𝑁𝑢,𝑚
 Equation 3.36 

The results were compared to the regression line proposed by Cornelissen (1984) for concrete fatigue 

in tension (Equation 3.8) and are shown in Figure 3.67. In Figure 3.67, the relative maximum stresses 

(Cornelissen) and relative maximum loads are plotted versus the number of cycles. Therefore, the results 

are quantitatively comparable.   

 

Figure 3.67 Fatigue behaviour of fasteners in the case of concrete cone failure (Lotze, 1993) 

The failure points are slightly above that of plain concrete under uniaxial pulsating tension. Lotze hereby 

confirmed that the microcracks which are initiated during the first cycles due to the stress peaks in the 

vicinity of the anchor head might not have a significant influence on the fatigue life of the anchor. 
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Another explanation for the observed slightly better fatigue behaviour in comparison to plain concrete 

is the continuously decreasing stress at the crack tip. Similar to static loading and based on the three-

phase damage process of fatigue-loaded concrete, the area of the nearly rotation-symmetric conic cracks 

grows leading to the decrease of the stress at the crack tip. That means that the fatigue tests carried out 

at constant load amplitude using load-control corresponds to a non-constant continuously decreasing 

stress (stress at the crack tip).  

a)  

b)  

Figure 3.68 Influence of reduced load-transfer area above the head (Lotze, 1993) 

Fasteners generate high-stress concentrations in the load-transfer area, i.e. in the region above the anchor 

head. The local stress peak in the concrete in case if cast-in and post-installed anchors may reach 10-20 
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times the concrete cube compressive strength and is dependent mostly on the anchor geometry. In the 

case of headed studs, it is mostly dependent on the shaft-head diameter ratio and on the load-transfer 

area of the anchor head. Lotze (1993) carried out fatigue tests on headed studs with different head diam-

eters (different load-transfer areas) with constant embedment depths.  

The shaft diameter was Ø=20 mm, and the two different head diameters were tested, namely Ø=24 mm 

and Ø=22,6 mm. The reduced load-transfer areas were AK=138 mm2 and AK=89 mm2 respectively. Alt-

hough the vertical displacement is observed to be somewhat higher due to local concrete crushing, the 

results showed no significant influence of the reduced load-transfer area on the overall fatigue life of 

concrete cone.  

Lotze (1993) also made theoretical investigations on anchor groups to evaluate the load distribution on 

the single anchors. In the case of anchor groups, the anchor which is located in the hairline crack has a 

reduced stiffness, and this leads to unequal load distribution. It was concluded that a single anchor of a 

fatigue-loaded quadratic anchor group can be subjected to 15-53% higher loads than it is expected to 

take into account an equal distribution.  

Maruyama et al. (1997) investigated the crack growth mechanism of fatigue-loaded headed studs. The 

fatigue tests were carried out on Ø=16 mm and Ø= 20 mm headed studs with hef=30 mm and hef=45 mm 

embedment depth. To avoid the bond between the anchor shaft and concrete, a vinyl tape around the 

shaft along the anchor length was applied. Small vertical holes (Ø=1,2 mm) were formed in concentric 

raster by inserting steel wires into the concrete formwork (Figure 3.69).  

a) b)  

Figure 3.69 Test setup and material properties (Maruyama, 1997) 

During the fatigue, test ink was injected to the anchor head, where the crack initiation was expected. 

The formed holes were used to observe the concrete fracture area during the loading. The constant am-

plitude tests were performed using Fmin=0,1·Nu,m minimum load and the relative maximum tension loads 

in the different tests were 60%, 70% and 80% of the static concrete cone capacity. A total of 36 tests 
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were performed, and all specimens exhibited concrete cone failure. The observation of the ink distribu-

tion confirmed the crack initiation already at the initial loading cycles and also the crack propagation 

(cracked areas) shows a similar three-phase damage process as the strain increment for fatigue-loaded 

plain concrete (primary, secondary, tertiary phase)(Figure 3.70a). The results of the fatigue tests were 

plotted into the S-N diagram and are shown in Figure 3.70b. The results show a relatively high scatter, 

particularly at hef=30 mm embedment depth.   

a)  

b)  

Figure 3.70 a) Crack growth of fatigue loaded headed stud (Maruyama et al. 1997) b) Fatigue 

behaviour of headed studs with concrete cone failure (Maruyama et al. 1997) 
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Wells (1998) performed fatigue tests on steel bolts to investigate the effect of different thread manufac-

turing method, mean stress, bolt diameter on the steel fatigue behaviour. Hereby were cut, rolled (rolled 

before or after heat treatment) investigated. The steel bolts no pre-stressing force was applied. The tests 

were carried out on Ø=12, 19, 20 and 36 mm. The manufacturing method has a strong influence on the 

fatigue behaviour (Figure 3.71a). Although the cut threads generally show lower fatigue strength than 

the rolled threads, the significant influence was not observed here. However, depending on the sequence 

of heat treatment and the rolling is an important factor that influences the steel fatigue behaviour. The 

steel fatigue strength is significantly higher in the case, where the heat treatment is made prior to the 

thread rolling. The size effect is shown in Figure 3.71b. Only the slight influence of the increasing bolt 

diameter was observed. Therefore, the results of Wells do not confirm the finding concerning the size-

effect presented in Section 3.7. A clear reduction of the fatigue strength was shown if the bolt diameter 

is increased from 12 mm to 20 mm. However, no further decrement of the fatigue strength was observed 

in the case of 36 mm bolt diameter. Note that the failure mode in the case of 20 mm diameter was a 

failure of the bolt head, whereas the failure mode using diameter 12 mm and 36 mm occurred in the 

threaded part. The influence of the different steel strength on fatigue strength is shown in Figure 3.71c. 

It can be seen that the increasing steel strength has an adverse effect on steel fatigue strength. The abso-

lute fatigue strength values, however, remain nearly the same in both cases (Figure 3.71d).  The results 

were compared to the trilinear FAT50 Wöhler-curve proposed for detail category “Bolt connections” 

(EN1993-1-9 ), and it can be concluded that the FAT50 curve is below the obtained failure points from 

Wells and therefore it is on the safe side. 

a)  
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b)  

c)  
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d)  

e)  

Figure 3.71 Fatigue behaviour of steel bolts a) Effect of manufacturing method b) Effect of bolt 

diameter c) Effect of bolt tensile strength d) Effect of bolt tensile strength e) Effect of mean 

stress 

Block (2001) performed fatigue tests on undercut and bonded anchors loaded in pulsating tension and 

pulsating shear to investigate the steel and concrete edge failure. The anchors were installed close to the 

edge. To avoid premature steel failure during the fatigue tests close to the edge, the edge distance was 

reduced to the half of the critical edge distance given in the corresponding technical approval (ETA). It 
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is not specified in the Block (2001), how the concrete splitting during installation was avoided, but a 

reduction of the installation torque can be assumed. The schematic of the tests is shown in Figure 3.72. 

a) b)  

Figure 3.72 Test setup used for pulsating tension and pulsating shear tests (Block (2001)) 

 

Figure 3.73 Test results of pulsating tension and pulsating shear tests on undercut anchors (UC) 

and bonded anchors (BA) (Block (2001)) 

The results of the monotonic and fatigue loading tests are shown in Figure 3.73. The results fit well to 

the pulsating tension test results of plain concrete (Cornelissen, 1984). A reduction of the fatigue 

strength to approximately 60% at 106 loading cycles is in a good agreement with the results obtained for 

plain concrete. Block (2001) also investigated the steel failure of anchors installed into normal strength 

concrete.  
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Figure 3.74 Test results of pulsating tension and pulsating shear tests on undercut anchors (UC) 

and bonded anchors (BA) (Block (2001)) 

Kunz (2003) carried out experiments to evaluate the bond fatigue strength of post-installed rebars using 

epoxy resin. The tests were carried out as constant amplitude tests with R=0,1 minimum-maximum load 

ratio. The test parameters were selected in a way to obtain pull-out failure instead of premature concrete 

or steel failure. The installation was carried out in diamond-drilled wet boreholes. In the work, the results 

were also compared to earlier fatigue test results obtained for a hybrid resin (Spieth & Eligehausen 

(1988)) and to those available for cast-in rebars (Rehm & Eligehausen (1977)). 

 

Figure 3.75 Fatigue behaviour of cast-in and post-installed bonded rebars (Kunz, 2003; Spieth & 

Eligehausen, 1988; Rehm & Eligehausen (1977)) 
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Although the data set obtained for post-installed rebars lies slightly below the results of cast-in rebars, 

the results lie within the scatter and thus the general equivalence of post-installed and cast-in rebars was 

demonstrated. Further investigations are required for a general statement regarding the equivalence.  

Majzoobi et al. (2005) performed pulsating tension fatigue tests on steel bolts to investigate the influence 

of thread pitch on the fatigue life. The tests were carried out on ISO bolts of diameter 10 < D < 24 mm 

and American Unified steel bolts UNF of diameter 7/16” ≤ D ≤ 1”. The tests were carried out at 2-5 Hz 

test frequency. In the constant amplitude tests, the minimum-maximum stress ratio was R=0. The 

strength of the tested ISO bolts was classified as 5.6 (fy=330 N/mm2, fu= 530 N/mm2, E=207 kN/mm2) 

and the A325 (fy=500 N/mm2, fu=880 N/mm2, E=207 kN/mm2) in the case of the American Unified 

bolts. The test results of Majzoobi et al. were compared to EN1993-1-9 FAT50 Wöhler-curve and are 

shown in Figure 3.76. The results lie slightly above the trilinear Wöhler-curve proposed for bolt con-

nection in Eurocode 3. Beside some discrepancy with M16, the results confirm the adverse effect of 

increased bolt diameter in case of both the European and American bolts.  

The coarse threads show a slightly better fatigue performance than the corresponding size with fine 

threads. Most of the specimens (70%) failed by steel failure in the cross-section of the first thread under 

the nut. 12 % failed by separation of the bolt head from its leg. 16% showed a steel failure in the cross-

section of the threaded and unthreaded transition zone. Only 3 % of the tested bolts exhibited thread 

failure, i.e. the thread of the nut was sheared off.  

 

a)  
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b)  

Figure 3.76 Fatigue behaviour steel bolts under pulsating tension a) ISO bolts fu=530 N/mm2 b) 

American Unified bolts fu=880 N/mm2 (Majzoobi et al. 2005) 

Fares et al. 2006 also investigated the fatigue life of steel bolts. The tests were carried out using slightly 

different mean stresses (50-60-70% of fu). The comparison of the results with the EN1993-1-9 FAT50 

Wöhler-curve shows that the results are slightly below the proposed characteristic Wöhler-curve for bolt 

connections (Figure 3.77).  

 

Figure 3.77 Fatigue behaviour 8.8 steel bolts under pulsating tension (Fares et al. 2006) 
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Block et al. (2005) reported new fatigue test results on M12 bonded anchors. The embedment depth was 

not reported, the four test series were carried out under pulsating shear in normal and high strength; 

cracked and non-cracked concrete. The results show the significant influence of the concrete condition 

(cracked / uncracked) on the fatigue resistance. The crack width in the case of cracked concrete was 0,3 

mm. The cross-section of the tested bonded expansion anchor and the results in 0,3 mm cracked concrete 

are shown in Figure 3.78. The graph shown in Figure 3.78b contains the integrated dissipated energy 

(energy loss after 100 cycles) in Nm. To provide the integrated energy loss using the same scaling on 

the horizontal axis the quotient C was defined for the different tested cases (Table 3.3). Two failure 

modes were observed. In the case of cracked and uncracked concrete, local concrete failure in the load 

direction followed by steel failure. The second failure mechanism was observed only in uncracked con-

crete. In this case, a cone-shaped concrete failure was followed by the steel failure, with an axial crack 

in the anchor shaft.   

a)  

b)  

Figure 3.78 a) Cross section of an installed anchor b) Fatigue strength, shear loading, cracked 

concrete (Block et al. (2005)) 
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Table 3.3 c-values for the graph of the fatigue bearing capacity on the basis of the integrated 

energy loss 

Bonded anchor M12, shear loading in 

Cracked concrete (0,3 

mm) fc=34 N/mm2 

Uncracked concrete 

fc=36 N/mm2 

Cracked concrete (0,3 

mm) fc=69 N/mm2 

Uncracked concrete 

fc=70 N/mm2 

5,77 4,75 1,92 1,52 

 

Based on the experiments, Block et al. 2005 proposed the following exponential function for cracked 

and non-cracked concrete under shear loading. 

Cracked concrete: ∆𝑉𝐷 (𝑓𝐶) ≈ 3.0 (𝑓𝑐)
0,30 Equation 3.37 

Uncracked concrete: ∆𝑉𝐷 (𝑓𝐶) ≈ 2.0 (𝑓𝑐)
0,46 Equation 3.38 

Where: 

 VD(fc) = the load range corresponding to fatigue limit strength,  

fc = concrete compressive strength. 

 

Figure 3.79 Comparison of the Wöhler curves determined based on the test results (Block et al. 

(2005)) 

The presence of the crack significantly reduces the fatigue bearing capacity of the anchors, and it seems 

that the detrimental effect of crack presence is more pronounced with increasing concrete strength. The 

proposed mean functions were evaluated based on tests from two different concrete strength calls. 
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Therefore Block et al. (2005) concluded that further tests are required for verification. It was also re-

marked that the results are only valid for the tested anchors and may not be applicable for anchors of 

another size of the same anchor. 

Lazzarin et al. (2010) performed fatigue tests on FIS EM bonded anchor system. The tests were carried 

out as constant amplitude tests under pulsating tension with and without edge influence, and the test 

frequency was in the range of 5-15 Hz. M16, M20, M30 electroplated and not electroplated threaded 

rods of steel grade 8.8 were tested. All tested configurations failed by steel failure in the cross-section 

of the first thread below the nut. Therefore the results were compared to the EN1993-1-9 FAT50 trilinear 

Wöhler-curve and are shown in Figure 3.80 

  

Figure 3.80 Fatigue behaviour of bonded anchors (Lazzarin et al. 2010) 

The statistical evaluation concluded in a ∆σC = 112 N/mm2 at 2·106 loading cycles for the M16 and M20 

threaded rods at 97,7% survival probability. The slope of the proposed regression curve is less conserva-

tive than the EN1993-1-3 FAT50 curve. However, the M30 results were excluded from the evaluation. 

Although the EN1993-1-3 is more conservative than the proposed Wöhler-curve for M16 and M20, this 

comparison shows that FAT50 curve may be applied from all the hereby tested diameters. 

 

3.8.3 Concrete failure under fatigue loading – summary of test data from different authors 

The available results for the different experimentally investigated concrete failure modes of fasteners 

(concrete cone, concrete edge) are summarised in Figure 3.81. The experiments from Block (2001), 
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Maruyama et al. (1997), Lotze (1993), Block (2005), Usami et al. (1980, 1983) failed by concrete cone 

and concrete edge respectively. In Figure 3.81 the failure points and the runouts are shown, and as for 

comparison, the results are compared with the regression line proposed for plain concrete under uniaxial 

pulsating tension. Besides the scatter of results, the obtained data for concrete cone and concrete edge 

failures correspond well with those for plain concrete. At shallow embedment anchor depths, the scatter 

of the data may increase. The summary of the main test parameters used in the tests is summarized in 

Table 3.4 and the results are shown in Figure 3.81. 

Table 3.4 Summary of the main test parameters of different authors in the tests for concrete cone 

failure of fasteners 

Literature / Au-

thor 

Anchor type / 

configuration 

Loading type Concrete 

strength 

Anchor embed-

ment depth  

Failure mode 

Block (2001) UC tension ≈ 28 N/mm2 n/a Concrete cone  

Block (2001) BA tension ≈ 28 N/mm2 n/a Concrete cone 

Lotze (1993) HS tension ≈ 33 N/mm2 80 mm Concrete cone 

Usami et al. 

(1980, 1983) 

HS tension 18,4 - 40,4 

N/mm2 

100 mm, 120 

mm, 140 mm, 

160 mm 

Concrete cone 

Maruyama et al. 

(1997) 

HS tension 31,9 30 mm, 45 mm concrete cone 

UC: Undercut Anchor; BA: Bonded anchor; HS: Headed stud 

  

 

Figure 3.81 Overview of the concrete cone failure of fatigue-loaded fasteners  
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3.8.4 Steel failure – summary of test data from different authors 

The tests which were performed on fasteners regardless of diameter, steel and ended up with steel fatigue 

failure are summarised in Figure 3.82. The overview of the studied experimental data was compared to 

the EN1993-1-9 FAT50 fatigue curve proposed for bolt connections. The comparison of the test data 

shows that the FAT50 S-N curve of EN1993-1-9 may be theoretically applied for tension loaded fasten-

ers.  Note that the fatigue strength of the tested anchors and bolts is generally higher the FAT50 fatigue 

curve, so in some cases, the FAT50 curve leads to very conservative results. Based on the comparison 

it was validated that the proposed FAT50 fatigue curve can be used as a conservative approach for the 

evaluation of the fatigue resistance of fasteners in the case of steel failure under tension.  This general-

ized design concept can be proposed for the fatigue design for fasteners without extensive testing. How-

ever, based on further tests, a more accurate evaluation of the fatigue strengths shall possible and based 

on the comparison presented in Figure 3.82, higher fatigue strength could be determined  than those 

according to FAT50 taking into account the different anchor characteristics (diameter, manufacturing 

method, different coatings, steel strength, loading direction). 

 

Figure 3.82 Overview of the steel failure of fatigue-loaded fasteners and bolts 
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3.8.5 Pull-out failure  

Instead of the concrete failure modes, the characteristics of the pull-out failure modes (pull-out, pull-

through, bond failure) is strongly product dependent. Therefore, even if the fatigue resistance in the case 

of concrete and steel failure modes can be predicted based on the available data after the development 

of reliable and harmonised design concept, the fatigue resistance against pull-out failure must be deter-

mined based on pre-qualification tests. The procedure for the product assessment under fatigue loading 

is yet to be developed. 

3.8.6 Fatigue design of fasteners - Fib Model Code (Draft 2017) 

The latest draft of fib Model Code (Draft being prepared for MC2020) proposes Equation 3.39 and 

Equation 3.40  for tension  and for shear loads, respectively.  These equations are potential functions 

proposing a reduction factor of the corresponding static strength as a function of the number of load 

cycles. Based on the validation using multiple databases up to 108 load cycles, it is proposed to set the 

lower limit of the reduction factor to 0,5 which indicates a proposal for a concrete threshold at 50% of 

the characteristic static load.  

Tension 1.0 ≥  𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛 = 1.1 𝑛−0,055  ≥ 0.5 Equation 3.39 

Shear 1.0 ≥  𝜂𝑘,𝑐,𝑉,𝑓𝑎𝑡,𝑛 = 1.2 𝑛−0,08  ≥ 0.5 Equation 3.40 

Where: 

n : number of cycles 

The fatigue resistance in case of the concrete cone, pull-out, splitting, blow-out, concrete edge and pry-

out are calculated according to Equation 3.41-Equation 3.46. 

Concrete cone  ∆𝑁𝑅𝑘,𝑐,0,𝑛 = 𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛 𝑁𝑅𝑘,𝑐 Equation 3.41 

Pull-out ∆𝑁𝑅𝑘,𝑝,0,𝑛 = 𝜂𝑘,𝑝,𝑁,𝑓𝑎𝑡,𝑛 𝑁𝑅𝑘,𝑝 Equation 3.42 

Splitting ∆𝑁𝑅𝑘,𝑠𝑝,0,𝑛 = 𝜂𝑘,𝑠𝑝,𝑁,𝑓𝑎𝑡,𝑛 𝑁𝑅𝑘,𝑠𝑝 Equation 3.43 

Blow-out ∆𝑁𝑅𝑘,𝑐𝑏,0,𝑛 = 𝜂𝑘,𝑐𝑏,𝑁,𝑓𝑎𝑡,𝑛 𝑁𝑅𝑘,𝑐𝑏 Equation 3.44 

Concrete edge ∆𝑉𝑅𝑘,𝑐,0,𝑛 = 𝜂𝑘,𝑐,𝑉,𝑓𝑎𝑡,𝑛 𝑉𝑅𝑘,𝑐 Equation 3.45 

Pry-out ∆𝑉𝑅𝑘,𝑐𝑝,0,𝑛 = 𝜂𝑘,𝑐,𝑉,𝑓𝑎𝑡,𝑛 𝑉𝑅𝑘,𝑐𝑝 Equation 3.46 

Where: 

𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛 = 𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛 = 𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛 = 𝜂𝑘,𝑐,𝑁,𝑓𝑎𝑡,𝑛  (according to Equation 3.39) 

𝜂𝑘,𝑐,𝑉,𝑓𝑎𝑡,𝑛 = 𝜂𝑘,𝑐𝑝,𝑁,𝑓𝑎𝑡,𝑛     (according to Equation 3.40) 
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The characteristic fatigue resistance in case of combined pull-out and concrete cone failure is calculated 

according to 

Combined pull-out ∆𝑁𝑅𝑘,𝑝,0,𝑛 = 𝜂𝑘,𝑐,𝑉,𝑓𝑎𝑡  𝑉𝑅𝑘,𝑐𝑝 Equation 3.47 

where 

𝜂𝑘,𝑝,𝑁,𝑓𝑎𝑡:  1.0 ≥  𝜂𝑘,𝑝,𝑁,𝑓𝑎𝑡 = 1.2 𝑛−0,08  ≥ 0.4 Equation 3.48 

The different multiplication factors evaluated according to Equation 3.39, Equation 3.40 and Equation 

3.47 are shown in Figure 3.83.  

 

Figure 3.83 Reduction factors according to Equation 3.31, Equation 3.32 and Equation 3.33 

The fib MC2020 draft proposes fatigue verification on two different levels. The Level 1 considers one 

maximum constant load throughout the service life, and the Level 2 shall take into account different 

load collectives, and the calculation of the total damage is proposed to be made using the Miner´s Rule. 

3.8.7 Fatigue design of fasteners – EN 1992-4:2018  

The fatigue verification of fasteners against fatigue relevant loads is to be performed for each failure 

mode. This procedure is in-line with the verifications under quasi-static loads. The EN1992-4 covers 

the application with post-installed fasteners and headed fasteners under pulsating tension or shear load 

and alternating shear load and the combinations thereof.  

The applications of fasteners under fatigue relevant shear loads in only without lever arm is covered. 

The verification is to be carried out if fatigue relevant loading actions are expected throughout the ser-

vice life. Fatigue relevant loading actions may be provoked in the fastenings of crane girders, heavy 

machines with rotating parts of in the fastenings used to attach guide rails of elevators to the concrete 
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core structures. The fasteners used in the fatigue design according to EN1992-4 shall be prequalified by 

a European Technical Product Specification. The prequalification guidelines are yet to be developed. 

The loosening of the nut is not allowed in general, and the presence of an annular gap (clearance hole) 

is not allowed under shear loading. To avoid the loosening of the nut, a permanent prestressing force in 

the fastener shall be present over the service life. The required verifications for the different failure 

modes are summarized in Table 3.5 under tension and in Table 3.6 shear loading.  

The EN1992-4 offers a simplified method for fatigue verification. Under tension loading, the fatigue 

resistance in the pull-out and steel failure modes shall be taken from the corresponding European Tech-

nical Approval. The fatigue resistance in the concrete failure modes (concrete cone, concrete splitting, 

concrete blow-out) is to be calculated as 50 % of the corresponding static resistances at N = 2·106 loading 

cycles.  

Table 3.5 Fatigue design of fasteners according to EN1992-4:2018 – tension loading 

 

 Failure mode Single fastener 

Group of fasteners 

Most loaded fastener Group 

1 Steel failure 𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘 ≤
𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑠

𝛾𝑀𝑠,𝑁,𝑓𝑎𝑡

 𝛾𝐹,𝑓𝑎𝑡∆𝑁𝐸𝑘
ℎ ≤

𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑠

𝛾𝑀𝑠,𝑁,𝑓𝑎𝑡

 - 

2 
Concrete cone 

failure 
𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘 ≤

𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑐

𝛾𝑀𝑐,𝑓𝑎𝑡

 - 𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘
𝑔 ≤

∆𝑁𝑅𝑘,𝑐

𝛾𝑀𝑐,𝑓𝑎𝑡

 

3 Pull-out failure 𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘 ≤
𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑝

𝛾𝑀𝑝,𝑓𝑎𝑡

 𝛾𝐹,𝑓𝑎𝑡∆𝑁𝐸𝑘
ℎ ≤

𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑝

𝛾𝑀𝑝,𝑁,𝑓𝑎𝑡

 - 

4 
Concrete splitting 

failure 
𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘 ≤

𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑠𝑝

𝛾𝑀𝑐,𝑓𝑎𝑡

 - 𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘
𝑔 ≤

∆𝑁𝑅𝑘,𝑠𝑝

𝛾𝑀𝑐,𝑓𝑎𝑡

 

5 
Concrete blow-out 

failure 
𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘 ≤

𝜓𝐹,𝑁∆𝑁𝑅𝑘,𝑐𝑏

𝛾𝑀𝑐,𝑓𝑎𝑡

 - 𝛾𝐹,𝑓𝑎𝑡 ∆𝑁𝐸𝑘
𝑔 ≤

∆𝑁𝑅𝑘,𝑐𝑏

𝛾𝑀𝑐,𝑓𝑎𝑡

 

 

𝛾𝐹,𝑓𝑎𝑡,𝛾𝑀𝑐,𝑓𝑎𝑡,𝛾𝑀𝑝,𝑓𝑎𝑡   according to 4.4 in EN 1992-4:2018 

𝛾𝑀𝑠,𝑁,𝑓𝑎𝑡 = 𝛾𝑀𝑠,𝑓𝑎𝑡        according to 4.4.2.3 in EN 1992-4:2018 

𝛾𝐹,𝑁 reduction factor, that accounts for the unequal tensile load distribution in a group (𝛾𝐹,𝑁≤1, given in the ETA)  

∆𝑁𝐸𝑘=𝑁𝐸𝑘,𝑚𝑎𝑥 − 𝑁𝐸𝑘,𝑚𝑖𝑛  Peak amplitude of tensile fatigue action 

∆𝑁𝑅𝑘,𝑠 fatigue resistance of steel under tension (to be taken from the corresponding European Technical Approval)  

∆𝑁𝑅𝑘,𝑝 fatigue resistance, pull-out, tension (to be taken from the corresponding European Technical Approval) 

∆𝑁𝑅𝑘,𝑐 fatigue resistance of concrete cone ∆𝑁𝑅𝑘,𝑐 = 0,5 𝑁𝑅𝑘,𝑐 at 2·106 loading cycles 

∆𝑁𝑅𝑘,𝑠𝑝 fatigue resistance of concrete cone ∆𝑁𝑅𝑘,𝑠𝑝 = 0,5 𝑁𝑅𝑘,𝑠𝑝 at 2·106 loading cycles 

∆𝑁𝑅𝑘,𝑠𝑝 fatigue resistance of concrete cone ∆𝑁𝑅𝑘,𝑠𝑝 = 0,5 𝑁𝑅𝑘,𝑠𝑝 at 2·106 loading cycles 

∆𝑁𝑅𝑘,𝑐𝑏 fatigue resistance of concrete cone ∆𝑁𝑅𝑘,𝑐𝑏 = 0,5 𝑁𝑅𝑘,𝑐𝑏 at 2·106 loading cycles 

𝑁𝑅𝑘,𝑐, 𝑁𝑅𝑘,𝑠𝑝, 𝑁𝑅𝑘,𝑐𝑏 characteristic short term resistances of the concrete failures (acc. to 7.2.1 in EN 1992-4) 
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Under shear loading, the steel fatigue resistance (w/o lever arm) is to be taken from the corresponding 

European Technical Approval. The fatigue resistance in the concrete failure modes (concrete pry-out 

and concrete edge) is to be calculated as 50% of the corresponding static resistances at N = 2·106 loading 

cycles. The EN1992-4:2018 does not mention a procedure to account for different load collectives in 

the fatigue design. Furthermore, it is not specified, how to deal with less and higher than N=2·106 in the 

design. For N<2·106, the S-N relation may be defined by NRk,c at N = 0 and 0,5·NRk,c at N = 2·106. For 

N > 2·106, the linear S-N relation may be elongated as a conservative approach.  

Table 3.6 Fatigue design of fasteners according to EN1992-4:2018 – shear loading 

3.8.8 Comparison of the design proposals and their limitations 

The two described design proposals regarding the fatigue verifications (fib MC 2020 Draft and EN1992-

4) are summarised in Table 3.7. This recent section deals exclusively with the “resistance side” of the 

fatigue design. Both the FIB MC2020 Draft as well as the EN1992-4 specifies fatigue relevant anchor 

applications such as crane girders, heavy machinery with rotating parts, which may induce frequently 

repeated loading actions on cast-in and post-installed fasteners. According to EN1994-2, if repeated 

loads from such applications are expected, the fatigue verification of the fasteners must be carried re-

gardless of the number of load cycles. To the contrary, the FIB M2020 Draft does not require the fatigue 

 Failure mode Single fastener 

Group of fasteners 

Most loaded fastener Group 

1 Steel failure without lever arm 𝛾𝐹,𝑓𝑎𝑡 ∆𝑉𝐸𝑘 ≤
∆𝑉𝑅𝑘,𝑠

𝛾𝑀𝑠,𝑉,𝑓𝑎𝑡

 𝛾𝐹,𝑓𝑎𝑡∆𝑉𝐸𝑘
ℎ ≤

𝜓𝐹,𝑉∆𝑉𝑅𝑘,𝑠

𝛾𝑀𝑠,𝑉,𝑓𝑎𝑡

  

2 Concrete pry-out failure 𝛾𝐹,𝑓𝑎𝑡 ∆𝑉𝐸𝑘 ≤
∆𝑉𝑅𝑘,𝑐𝑝

𝛾𝑀𝑐,𝑓𝑎𝑡

  𝛾𝐹,𝑓𝑎𝑡 ∆𝑉𝐸𝑘
𝑔 ≤

∆𝑉𝑅𝑘,𝑐𝑝

𝛾𝑀𝑐,𝑓𝑎𝑡

 

3 Concrete edge failure 𝛾𝐹,𝑓𝑎𝑡 ∆𝑉𝐸𝑘 ≤
∆𝑉𝑅𝑘,𝑐

𝛾𝑀𝑐,𝑓𝑎𝑡

  𝛾𝐹,𝑓𝑎𝑡∆𝑉𝐸𝑘
𝑔 ≤

∆𝑉𝑅𝑘,𝑐

𝛾𝑀𝑐,𝑓𝑎𝑡

 

 𝛾𝐹,𝑓𝑎𝑡,𝛾𝑀𝑐,𝑓𝑎𝑡 according to 4.4 (EN 1992-4) 

 𝛾𝐹,𝑉 reduction factor, that accounts for the unequal shear load distribution in the individual fasteners in a group (𝛾𝐹,𝑉≤1, given in the 

ETA)  

 𝛾𝑀𝑠,𝑉,𝑓𝑎𝑡 according to 4.4.2.3 in EN 1992-4:2018 

 ∆𝑉𝐸𝑘=𝑉𝐸𝑘,𝑚𝑎𝑥 − 𝑉𝐸𝑘,𝑚𝑖𝑛 peak to peak amplitude of shear fatigue action 

 ∆𝑉𝑅𝑘,𝑠 fatigue resistance of steel under shear (to be taken from the corresponding European Technical Approval)  

 ∆𝑉𝑅𝑘,𝑐𝑝 fatigue resistance of concrete pry-out under shear load ∆𝑉𝑅𝑘,𝑐𝑝 = 0,5 𝑉𝑅𝑘,𝑐𝑝 at 2·106 loading cycles 

 ∆𝑉𝑅𝑘,𝑐 fatigue resistance of concrete edge failure under shear load  ∆𝑉𝑅𝑘,𝑐 = 0,5 𝑉𝑅𝑘,𝑐 at 2·106 loading cycles 

 𝑉𝑅𝑘,𝑐, 𝑉𝑅𝑘,𝑐𝑝 characteristic short term resistances of the concrete failures (acc. to 7.2.2 in EN 1992-4) 
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verification if the expected number of load cycle is less than 1000 under tension loading provided that 

the ∆NEk ≤ NRd/γQ; or if number of load cycle is less than 100 under shear loading provided that the ∆VEk 

≤ VRd/γQ, where NRd and VRd is the respective design resistance of steel and γQ=1,5.  

Table 3.7 Fatigue design of fasteners – summary of FIB MC2020 (Draft) and FprEN1992-4 

 Fib Model Code 2020 Draft  EN 1992-4:2018 

Prerequisites If frequently repeated actions are foreseen  

Not required if N<1000 in tension if ∆NEk ≤ 

NRd/γQ 

Not required if N<100 in shear if ∆VEk ≤ 

VRd/γQ 

If frequently repeated actions are foreseen 

 

Scope  Constant amplitude (Level 1) 

Non-constant amplitude (Level 2) 

Minimum load level considered 

Constant amplitude (Simplified method) 

Commentary • Fastenings w/o lever-arm (however 

specific guidelines for facades are 

given on commentary side)  

• Annular-gap not allowed 

• Loosening of nut not allowed 

• Fastenings w/o lever-arm 

• Annular-gap not allowed 

• Loosening of nut not allowed 

 

Loading cases 

covered 
• Pulsating tension  

• Alternating tension-compr.1)  

• Pulsating shear  

• Alternating shear 

• Pulsating tension 

• Pulsating shear 

• Alternating shear 

N < 1028 < 2·106 

Fatigue re-

sistance under 

tension 

Steel ∆NRk,s (to be taken from ETA) 

Pull-out ∆NRk,p =ηp,N,fat,n NRk,p 
2) 

Concrete cone ∆NRk,c =ηc,N,fat,n NRk,c 
2) 

Concrete Splitting ∆NRk,sp = ηsp,N,fat,nNRk,sp 
2) 

Concrete Blow-out ∆NRk,cb = ηcb,N,fat,n NRk,cb 
2) 

ηp,N,fat,n=η c,N,fat,n=ηsp,N,fat,n=ηcb,N,fat,n=0,5 at 

N≥1,7·106 acc. to Equation 3.39 
 

Combined concrete cone and pull-out 

∆NRk,p,0,n = ηk,p,N,fatNRk,p 
2) 

ηk,p,N,fat =0,4 at N=106 acc. to Equation 3.48 

Steel ∆NRk,s (to be taken from ETA) 

Pull-out ∆NRk,p (to be taken from ETA) 

Concrete cone ∆NRk,c =0,5  NRk,c at N=2·106 

Concrete splitting ∆NRk,sp =0,5  NRk,sp  at 

N=2·106  

Concrete blow-out ∆NRk,cb =0,5  NRk,cb at 

N=2·106 

Fatigue re-

sistance under 

shear 

Steel (w/o lever arm): ∆VRk,s (to be taken 

from ETA) 

Pry-out: ∆VRk,cp = ηcp,V,fat,n VRk,cp 
3) 

Concrete edge: ∆VRk,c = ηc,V,fat,n VRk,c 
3) 

ηcp,V,fat,n =0,5 at N=6·105 acc. to Equation 

3.40 

Steel (w/o lever arm): ∆VRk,s (to be taken 

from ETA) 

Pry-out: ∆VRk,cp =0,5  VRk,cp at N=2·106 

Concrete edge: ∆VRk,c =0,5  VRk,cc at N=2·106 

 

Interaction (βN,fat)α + (βV,fat)α ≤ 1 

α= αs (steel failure) α= αs (concr. failure) 

Values to be taken from techical assessment 

Recommended values: 

αs=0,5 for thread size M10 and M12 

αs=0,7 for thread size ≥M16 

(βN,fat)α + (βV,fat)α ≤ 1 

α= αs (steel failure) α= αs (concr. failure) 

Values to be taken from technical assess-

ment 

Fatigue limit 

assumed ? 

Yes 

 

n/a 

Notes 

1) A reduction factor of 2/3 is recommended in case of alternating tension-compression 

2) Characteristic fatigue resistance at fatigue limit (N≈1.7·106 <N < N=∞) 
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The application of shear loads is only allowed without lever arm according to both guidelines and the 

bending moments of the anchors must be avoided by means of adequate constructive detailing. Note 

that the FIB MC2020 Draft gives design rules for façade-anchors which can be subjected to alternating 

shear loads in stand-off installations due to thermal actions. According to both design guidelines, the 

loosening of the anchor nuts in fatigue relevant applications must be avoided by means of lock-nuts and 

the annular gap must be filled with, e.g. high-performance mortar or grout to avoid the impulsive loads 

on fasteners under alternating shear loading.   

According to the FIB MC2020 Draft, the fatigue resistance is calculated using the respective reduction 

factors (η) with respect to the different failure modes (Equation 3.39, Equation 3.40 and Equation 3.48). 

The reduction factor is calculated as a function of the number of load cycles as described in detail in the 

previous section. To determine the characteristic fatigue resistance (at a given number of cycles), the 

reduction factor is to be multiplied with the corresponding characteristic static resistance. According to 

FIB MC2020, the reduction factor is identical for concrete cone, pull-out, concrete splitting and concrete 

blow-out fatigue failure under tension loading according to Equation 3.39 and identical for concrete 

edge and pry-out under shear loading according to Equation 3.40. For the combined concrete cone and 

pull-out failure, the reduction factor is determined according to Equation 3.48. The proposed lower lim-

its of the reduction factor in the FIB MC assumes a fatigue limit (infinite fatigue life) at 0,5·NRk,□ under 

tension and 0,4·VRk,□ under shear loading.   To the contrary, EN1992-4 only defines the reduction factor 

50% for all concrete failure modes both for tension and shear loading uniformly at N = 2·106 number of 

load cycles. The reduction factor of 50% at 2·106 according to EN1992-4 can be interpreted either as 

the maximum permitted number of cycles in the design (covered cyclic range) or as a one point of a 

Wöhler-curve (NRk,c at N = 0 and 0,5·NRk at N = 2·106) which can be theoretically continued with the 

same slope for N > 2·106. The EN1992-4 is, therefore, more conservative than the FIB MC2020 Draft 

because it assumes no concrete fatigue threshold. Furthermore, the proposed design concept according 

to EN1992-4 is less conservative in the case of shear loading. Whilst at N=2·106 the characteristic fa-

tigue resistance in the case of pry-out and concrete edge failure is 50% of VRk,c  (or VRk,cp) according to 

EN1992-4, the evaluated number reduction factor according to the FIB MC2020 Draft is 0,4. Or the 

other way around, the evaluated number of cycles at 50% is 6·105. 

The EN 1992-4 and FIB MC2020 Draft covers the fatigue verification of cast-in-place and post-installed 

fasteners in pulsating tension and in pulsating and alternating shear loads. In the case of alternating 

tension-compression causing tension and compression in the concrete, the FIB MC2020 Draft proposes 

a reduction factor 2/3. However, no such results are available as of yet. Similar to that under static 

loading, the interaction of shear and tension fatigue relevant loads (combined shear and tension) is to be 

verified using the highest corresponding utilizations in the interaction formula given in Table 3.7. 
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The fatigue design of fasteners requires the product assessment including a technical assessment under 

fatigue loads. According to the design provisions, the concrete resistances are product-independent. The 

fastener prequalification should serve to determine the relevant part of the characteristic S-N curve. 

Furthermore, the characteristic fatigue steel resistance should also be given in the corresponding product 

assessment.  

3.9 Summary of the literature review with respect to fasteners 

3.9.1 General 

The performed literature review presented in the previous sections yielded in some open questions. Fas-

teners used for the structural purposes in redundant and non-redundant systems are to be considered as 

a system of more components. For the fatigue design, the relevant part of the S-N curve of all compo-

nents must be known. The first part of the literature review provides an overview of the main influences 

of the concrete and steel based on tests performed on plain concrete and steel.  

In this section, the findings of the literature review performed at the material level and from the tests on 

fasteners are discussed. Furthermore, the finding which may be important regarding further research on 

fasteners will be pointed out. 

3.9.2 Concrete 

The main influence factors on the concrete fatigue are the minimum and maximum stress, loading type, 

concrete conditions (dry or wet) and loading frequency. The literature data confirm the importance of 

loading type. If the minimum and maximum stresses have a different algebraic sign (compression-ten-

sion or tension-compression), the concrete fatigue life decreases very significantly. However, in rein-

forced concrete structures, these loading cases are of rare occurrence, as the concrete is mostly design 

in compression. Therefore, there is only limited data available that addresses this issue. Literature data 

showed that the less important influence factors on the concrete fatigue are the concrete strength, con-

crete composition, loading regime and loading pause. It is to note that most of the investigations were 

made in reversed compression on specimens of diverse sizes. 

In the current design concepts for plain concrete fatigue, the minimum-maximum stresses under re-

versed compression, alternating tension-compression, alternating tension-compression and under pure 

pulsating tension is accounted for.  

With respect to fasteners, mostly the pulsating tension results are of particular importance. This is be-

cause fasteners transfer the load into the concrete and among others, the concrete tensile capacity gives 
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the resistance of the anchorage. It was summarised by Lotze (1993), why the results from uniaxial pul-

sating tension tests are not directly applicable to fasteners. Since then several research addressed the 

fatigue behaviour of fasteners (see Section 3.8.3). The results on fasteners in the concrete were compared 

to the S-N relation proposed by Cornelissen for plain concrete loaded in pulsating tension. The results 

seem to be in the same scatter. The existing test data on fasteners still do not give an answer to several 

open questions. The open questions are the issue of alternating cyclic load, increased concrete strength, 

increased embedment depth and the influence of programme loading on the concrete cone failure.   

3.9.3 Steel 

The literature review revealed that the main factors influencing the steel fatigue are: manufacturing 

method, material type, size effect, loading direction, environmental effects (corrosion) and mean stress. 

Fasteners in the constructive fastening technology are made of steel, and they may be handled as steel 

screws. Therefore, their fatigue verifications in tension may be performed using the fatigue detail-cate-

gory 50 of EN1993-1-9. However, in order to directly implement the knowledge from steel to fasteners, 

several parameters and conditions must be considered. The steel used in the fastening technology is 

mostly galvanized steel or stainless steel. It is well-known that the galvanization induces a coating on 

the steel surface which may vary from product to product due to technological reasons. This makes it 

hard to generalize a fatigue design concept. Further research is required to investigate the fatigue behav-

iour of various stainless steel, which is also a very widely used raw material used in the anchor industry. 

The need for such investigations is also underlined by the fact, that several stainless steel alloys do not 

exhibit a clear threshold making them an exception among the different “black” steel alloys.  

The manufacturing process is also strongly product dependent. First of all, the cross-section of a typical 

mechanical undercut or expansion anchor is not constant along the anchor length. On an expansion 

anchor, the smallest cross section is mostly the part, where later the expansion clip os being assembled. 

The final shape of the anchor with the different cross section parts are usually made with cold press-

ing/rolling or hot-rolling. Depending on the manufacturing method, certain damage is caused in the steel 

crystal structure, and residual stresses are being introduced into the anchor rod. Furthermore, the 

threaded part, which is the visible part of the anchor after the installation is also made using either cutting 

or hot-rolling. Summarising, the anchor rod, depending on the anchor type reaches its final shape as a 

result of several manufacturing steps, causing non-constant strengths and geometrical discontinuities 

along the anchor length.  

The coating may also invoke difficulties when generalizing the knowledge on steel to fasteners. Once 

the final geometry is obtained through a chain different manufacturing steps, the anchor is being coated. 

The galvanization may also cause changes in strength.  The size effect may also be an important issue 

in the case of fasteners.  
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Despite the complexity of the manufacturing process, it seems possible to use the FAT 50 S-N curve 

from Eurocode 3 to capture the steel fatigue of fasteners under tension loading. Although, the design 

according to EC3 may lead to very conservative results in certain cases, its easy handling shall provide 

an alternative to define standard values during the product qualification. 

It is also well-known that fasteners mostly find their applications in anchor groups, where load-distri-

butions may take place due to loss of stiffness. This may happen as a consequence of a crack opening 

below certain anchors. This leads to the change of the load distributions among the group resulting in 

the increase and decrease of the applied loads on the individual anchors. This results in a decrease in the 

fatigue strength of the overall system. The investigations of Lotze (1993) shows approximately 30 % 

higher loads on the individual fasteners. Block (2001) executed fatigue tests on anchor groups, where 2 

out of the 4 anchors were located in cracks. A reduction factor ranging from 1,2 for shear to 1,9 for 

pulsating tension loading was reported. 
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4 OPEN QUESTIONS AND SCOPE 

4.1 General 

The literature review revealed the need for further investigations to extend the knowledge of the fatigue 

behaviour of fasteners. In this section, the open questions regarding the fatigue behaviour of fasteners 

are described in detail. At the end of this section, the scope of this recent PhD work is outlined. 

4.2 Open questions 

4.2.1 Load cycles 

The first open question is how to deal with the expected high load cycle number in design. Currently, 

the available fatigue tests on fasteners cover the range up to approximately 108. However, the number 

of the failure points in the range of 106-108 is rather limited and almost only run-outs (aborted tests) 

exist in this cyclic range. The limited test data in the high-cycle fatigue range also led to the limited 

permitted load cycle range for instance in the CEN/TS prEN1992-4, where the proposed fatigue verifi-

cations permit only 2·106. However, the number of load cycles on fasteners may exceed 108 in certain 

applications.  

The estimation of the number of cycles as well as the determination of the operational fatigue relevant 

loads (or stresses) are always the task and duty of the designing engineer, and it should rely on safe and 

reasonable assumptions. According to König & Danielewicz (1994), even if different load levels are 

foreseen during the service life, it is a conservative approach in the design to consider the load collective 

with the highest expected maximum load or highest expected amplitude over the entire service life. The 

following fatigue relevant fastener applications shown in Table 4.1 were already presented in the intro-

duction. The examples shown in Table 4.1 were put in increasing sequence of the expected number of 

load cycles and the table shows different rules and ideas, according to which the number of expected 

load cycles over 50 years of service life may be estimated.  

The first example shows a crane-girder concrete cantilever connection. Such connections are typically 

made using cast-in anchor plates (w. headed studs in the concrete) or using post-installed fasteners. The 

developing reaction loads caused by, i.e. passage of the crane bridge over the support, acceleration, 

breaking, hitting loads are usually transferred into the reinforced concrete cantilevers by means of post-

installed or cast-in fasteners. Depending on the type of girder system (single or multi-span system), 

combined pulsating tension, alternation tension-compression and alternating shear reaction forces are 

expected in the fasteners. When considering 100 of the crane caused by either passage, breaking, accel-

eration of the crane bridge within 24 hours of operation, the expected number of load cycles on the 
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fasteners reaches 2·106 within 50 years. Note that the life span of the crane itself may be less than 50 

years.  

The second example shows an industrial robot which is used nearly in all fields of automatized manu-

facturing processes. The robotics carry and transport high loads rapidly, and its machine fundament is 

typically fastened to the concrete footing using post-installed anchors. Since the exact operation includ-

ing weight to carry, the frequency of such robotics is well-known, the total number of load cycles can 

be estimated. In the case of 5000 cycles within 24 hours of operations, the total number of load cycles 

is well beyond 107 in 10 years. The loading type, in this case, is alternating tension-compression com-

bined with shear loads. More precise load cycle estimation can be made if the exact technological steps 

and working shifts are known. Note that in praxis, the pre-programmed operation steps are changed and 

so the reaction loads as well. This must also be taken into account using a damage accumulation concept, 

i.e. Palmgren-Miner Hypothesis.    

In the third example, the guide rail of an elevator is shown (Table 4.1).  The guide rails are typically 

anchored into the inner side of concrete shear core structures using post-installed fasteners. Due to im-

perfections, the guide rails are constantly subjected to vibration, and therefore the developing reaction 

loads in the fasteners are cyclic fatigue-relevant loads. In accordance with the manufacturer's datasheet, 

the determination of the nominal energy consumption of an elevator is based on ca. 100 passage within 

one working hour. This can be taken as a basis for estimating the number of load cycles on the fasteners 

as well. The assumption of 10 load cycles as a result of one passage of the elevator results in more than 

108 load cycles in 50 years of operation.  

The fourth example shows a heavy turning machine (Table 4.1). Heavy machines with rotary parts cause 

harmonic-cyclic fatigue relevant reaction loads on the fastenings, with which they are generally an-

chored into the concrete footing. If 5 Hz frequency is assumed (5 rotation /s), the number of load cycles 

on the fastenings exceeds 109 in 50 years.  

The hereby presented examples give an overview of how the expected number of cycles on fastenings 

can be predicted based on realistic assumptions. The examples show the need for test results in the high 

to very-high cycle fatigue range (>107). However, capturing the fatigue behaviour in this cycling range 

is beyond the experimentally possible range, so besides the extension of the experimental database, there 

is a need to develop a reliable numerical method, which can predict the number of cycles at failure in 

the targeted high-cycles range with sufficient accuracy. It was also shown in Section 3.8 that the differ-

ent Wöhler-curves of the different failure modes can be plotted in one common S-N Graph. If the fatigue 

behaviour, i.e. the S-N curves of all components are known, the decisive failure mode over the whole 

cycling range could be predicted. The existing database and the theoretical investigations resulting there-

from show that steel may exhibit fatigue limit. However, the concrete shows microcracking even at 

relatively low stresses causing fatigue failure after completing a certain number of load cycles.  This 



 

OPEN QUESTIONS AND SCOPE 131 

 

  

lead theoretically to the fact that in case of certain parameter combinations (diameter of steel fastener, 

embedment depth) the concrete fatigue failure may be decisive in the high-cycle fatigue range. Note that 

this is rather a theoretical question. More practical question is to determine the relevant part of the S-N 

curves for all materials and failure modes. To this end, it is necessary to develop a model that can predict 

the number of cycles in the case of concrete failure.  

Table 4.1 Estimated number of load cycles at different fatigue relevant applications 

 

 

Industrial crane 

 

Industrial robotics 

 

Guide rail of eleva-

tor 

 

Machines with ro-

tary parts 

Aspects and infor-

mation sources for 

load cycle estima-

tion 

Working shifts 

Estimated passage, 

i.e. per hour 

Working shifts 

Frequency, Number 

of work process, 

i.e. per working 

shift 

Technical details of 

elevators, number 

of passage used for 

nominal power 

consumption 

Technical details of 

the machine 

Number of work 

pieces, i.e. per 

hour, Rotation fre-

quency 

Estimated values / 

Time interval 

100 passage over 

the support / day 

1000 moves (rota-

tion, uplift…) / day 

10 cycles / passage 

100 passage / hour 

5 Hz 

 

Estimated years of 

operation 
50 10 50 50 

Estimated load cycle 

range over 50 years 
>2· 106 >107 >108 >109 

Loading type 

Tension-compres-

sion combined w. 

shear 

Tension-compres-

sion combined w. 

shear 

Tension-compres-

sion combined w. 

shear 

Tension-compres-

sion 

 

The examples in Table 4.1 clearly show the increasing demand for fastening applications in concrete 

constructions. There is an obvious need for a reliable and safe fatigue design concept of post-installed 

and cast-in fasteners covering the load cycle range up to at least 109 cycles. Since the targeted load cycle 

range is well beyond the experimentally possible limits, a numerical method is to be developed that can 

predict the concrete fatigue strength with sufficient accuracy. In the PhD work, a new method is to be 
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developed for predicting the concrete fatigue life over the entire loading range. The method uses numer-

ically and experimentally obtained data. The developed fatigue model is described in Section 5.2, and it 

was calibrated using experimental results from fatigue tests. For the calibration of the model, both avail-

able data sets from the literature as well as new results were used. The new fatigue tests were carried 

out aiming the cycle range up to 108. The new results serve both as input data for the calibration of the 

new model as well as for its verification. The model after calibration should be capable of evaluating 

the characteristic Wöhler-curve in case of concrete failure in the entire cyclic range with sufficient ac-

curacy. This should also allow the evaluation of the decisive failure mode of steel and concrete cone 

failure over the cyclic range. It was also aimed to compare the derived concrete cone S-N curve to the 

existing literature data. Furthermore, the derived S-N curve should be compared to the proposed S-N 

curve for plain concrete   

4.2.2 Special issue in the fastening technology: alternating tension-compression 

Fasteners are not only subjected to pulsating tension and/or pulsating shear loads but also to alternating 

loads. The principal of the pre-positioned and in-place installation techniques of post-installed fasteners 

was described in the introduction. In both cases, a clearance hole is present in the anchor plate or in the 

structural element which is being attached. Because of the clearance hole, there is no direct load-transfer 

between the anchor shaft and the anchor plate or component. The tension forces are transferred to the 

fasteners via bolted connections from the nut into the thread and are further transferred into the concrete 

via one of the previously described load-transfer mechanisms. In the case of alternating loading, the 

attached component or the anchor plate can press itself against the concrete surface, thus resulting in 

high compressive stresses in the concrete, where the fastener is anchored. 

 

Figure 4.1 Special loading case: alternating tension-compression 

Compared to the pure pulsating tension tests, results from uniaxial fatigue tests on concrete cylinders 

show the considerable reduction of the concrete tensile fatigue strength of concrete if the minimum 

stress is in compression (Cornelissen, 1984). The reduction of the fatigue strength in the case of alter-

nating tension-compression loading is explained by the mismatch of the crack surfaces and by the inter-

action of the tensile microcracks with those developed under compression. The developing cracks under 

tension are being closed under the compression phase. Because of the incompatibility of the developing 
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cracks under alternating loads, further local stresses develop on the crack faces leading to a significant 

decrease in terms of the tensile fatigue behaviour. If the case of pure pulsating tension loading (Ϭmin = 0), 

the fatigue strength is 60% of the static resistance. When only 10% of the concrete compressive strength 

is applied as minimum stress (Ϭmin = 0,1 fc), the fatigue strength at 106 load cycles reduces to 40% of the 

static resistance.  

A further consequence of the uniaxial fatigue tests is that the most important problem is rather the pres-

ence of compressive minimum stress than the applied compressive minimum stress level (compare Fig-

ure 3.30b). When the minimum stress is in compression, the sudden change of the slope of the Wöhler-

line is observed. The further increase of the compressive stress does not result in a further change of the 

slope of the Wöhler-curve. At increased compressive minimum stress, the S-N curve is shifted down-

wards. The fatigue tests carried out by Cornelissen with different compressive and tension stress levels 

show the slight decrease of the fatigue life if the compressive stress is increased and this decrease seems 

to be equal over the whole stress range, i.e. the Wöhler-curves with compressive minimum stress are 

parallel to each other.    

The findings from these presented uniaxial fatigue tests highlight the importance of tension-compression 

fatigue loading of fasteners. It is assumed that the presence of compressive load reversals - when com-

pression is transferred through the anchor plate into the concrete - leads to the significant loss of the 

fatigue life of fasteners when failing by concrete cone. This can be crucial, especially when using shal-

low anchor embedment depths. These previous findings from uniaxial loaded concrete cylinders in ten-

sion-compression cannot be applied for the fatigue life prediction of fasteners if the concrete cone is the 

decisive failure mode.  

Fasteners generate a complex three-dimensional stress distribution and high-stress peaks in the load 

transfer area. Although the concrete cone failure is often associated with a concrete tensile failure, it is 

rather combined shear and tension failure, similar to the shear punching failure of concrete slabs over 

the concrete column. Therefore, fatigue tests in alternating tension-compression are required to address 

this issue. Note that the examples, given in Table 4.1, also show that fasteners are mostly used in pre-

positioned and in-place installations, where tension is carried by the fastener and compression is trans-

ferred into the concrete. Since most post-installed fasteners in the fatigue relevant applications are sub-

jected to alternating tension-compression, this loading case must be investigated. According to the 

knowledge of the author, no such investigations were performed as of yet, and therefore this loading 

case is not covered in the design.   

If the detrimental effect of the compressive load reversals on the fatigue life of concrete cone can be 

verified through new experimental results, the extension of the scope of the current design guidelines 

(fib Model Code 2020, EN1992-4) can be pursued. Furthermore, the new results must be compared to 
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the pulsating tension and alternating tension-compression concrete Wöhler-curves of fib Model Code, 

and finally, the development of a harmonised design concept must be pursued. 

The loading case of alternating tension-compression is currently not covered by the existing design pro-

visions. However, pre-positioned and in place, applications represent most applications of post-installed 

fasteners, where concrete is subjected to surface compression below the anchor plate, whilst the anchor 

is loaded in tension via screwed connection. Based on the findings on plain concrete, a significant de-

crease of the fatigue strength is predicted in the case of concrete cone failure if an alternating compres-

sive minimum load is applied. To verify this hypothesis, new fatigue tests were carried out on cast-in 

headed studs in tension-compression. In case, the significant sensitivity of alternating tension-compres-

sion on the fatigue life of concrete cone is observed compared to pulsating tension, the results of the 

tension-compression tests shall be implemented into the current design provisions.   

4.2.3 Influence of concrete strength 

The higher compressive strength may lead to reduced concrete fatigue life as shown by Zhao et al., Kim 

& Kim, Wefer etc., based on material level tests (see Section 3.6.3.4). Note that the effect of higher 

concrete strength is accounted for in the fib MC2010 by using a “best-fit” curve of the available test 

data that includes results up to fc=160 N/mm2 compressive strength. It is a generally accepted fact that 

higher compressive strength may reduce the concrete fatigue life, the influence of concrete compressive 

strength has rather a small influence on the concrete fatigue life. Therefore, the concrete strength is not 

a variable parameter in the fatigue design of concrete. 

The available experimental database on fasteners includes fatigue tests, which were carried out in dif-

ferent concrete charges meaning that there are slight differences in the used concrete composition and 

material properties. The data was obtained mainly for C20/25 concrete strength (see Section 3.8.3) and 

concrete compressive strength of the used specimens varies from 27 to 32 N/mm2.  Despite the scatter 

of the fatigue results in slightly different concrete strengths and concrete charges, it seems that the dif-

ferences in the tested compressive strengths do not influence the relative fatigue stress significantly (see 

Figure 3.81). However, the direct experimental comparison of fatigue test results in normal and in high 

strength concrete (fc > 50 N/mm2) was not made yet.  

The EN1992-4 covers the design of fasteners in concrete strength classes from C12/15 to C90/105 in 

the design of post-installed and cast-in fasteners. However, higher compressive strengths than 

fck > 60 N/mm2 shall not be used in the design, even if the concrete compressive strength exceeds this 

value. The actual permitted compressive strength class range of the fasteners is stipulated in the relevant 

European Technical Product Assessment. In the European Technical Assessments, the “standard” re-

sistance values for concrete cone, pull-out are valid for C20/25 and are subject to be modified by using 
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the coefficients when higher concrete strength class is used. This is valid for static, quasi-static and 

seismic design and the increase factor for the concrete cone capacity is based on the square root function 

of the concrete compressive strength.  

Since the proposed fatigue verifications of fasteners in the fib Bulletin 58 nor in EN1992-4 are based on 

results in normal strength concrete (fc < 40 N/mm2), further investigations on the concrete cone failure 

are needed to include results from higher concrete strength. It is required to develop a harmonised design 

concept for the concrete breakout failure modes of fasteners.  

In order to account for the influence of increased concrete strength on the fatigue behaviour of fasteners 

in a decent way, new fatigue tests are required. Knowing the results on plain concrete, it is assumed that 

the (relative) fatigue strength in the case of concrete cone failure will show a slight decrease due to 

increased concrete compressive strength. The verify the assumption, fatigue tests were carried out for a 

direct comparison the fatigue behaviour in C20/25 and C50/60. If the results after normalising show 

differences in terms of the fatigue strength, the findings of these experiments should be implemented in 

the current design provisions. 

4.2.4 Influence of embedment depth 

Although the different data sets in the literature include results with different anchor embedment depths, 

the influence of the different embedment depth on the fatigue strength was not investigated as of yet. 

The experimental program of this PhD work includes new fatigue tests with headed studs using two 

different effective embedment depths (hef = 50 mm, hef =70 mm) to address this issue. If the size effect 

yields in noticeable differences in terms of fatigue strength, the findings of these test results must be 

implemented into the current design provisions.   

4.2.5 Load frequency and loading rate 

The loading cycles are not applied equally distributed over the service life of the fasteners. The load 

cycles applied may be different in terms of stress levels, frequency and the sequence of different load 

levels. It was previously shown in Section 3.3, how the actual loading rate is determined at a certain 

loading frequency. Although, there are some controversial results in the literature regarding the influ-

ence of frequency on the concrete fatigue strength, it is a generally accepted approach, that the higher 

test frequency leads to an increased number of cycles at failure. This conclusion is based on the results 

executed on plain concrete (see 3.6.3.3). The available fatigue tests on fasteners on the concrete breakout 

failure modes were performed in the frequency range of 4-10 Hz (Block (2003), Fuchs (1985), Lotze 

(1993)) which basically does not allow to draw conclusions on the frequency dependent fatigue strength.  
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It is well known that the concrete shows a rate dependent behaviour (Ozbolt et al. (2015)). It is intuitive 

that the concrete cone also shows a rate dependent behaviour, which was numerically investigated by 

Ozbolt et al. (2006) and experimentally verified by Tóth et al. (2017). It is assumed that the beneficial 

effect of the higher test frequency on the fatigue behaviour of concrete can be explained by the rate-

dependent concrete behaviour. A theoretical calculation must be performed using the concrete dynamic 

increase factor (DIF) to evaluate the influence of increase loading frequency on the fatigue life of fas-

teners. 

4.2.6 Damage accumulation 

The applied minimum and maximum load are not constant over the service life of fasteners. To account 

for the complex loading cases and for the cumulative damage under fatigue loading, the application of 

the Miner´s rule is proposed (fib Bulletin 59). The linear damage accumulation was verified for concrete 

under uniaxial loading conditions (Cornelissen et al. (1984) under tension loading, Tepfers et al. (1977) 

under compression). It was demonstrated that no fatigue failure is expected if the sum of the damage 

contributions of the successive loading blocks is less than 1. 

The EN1992-4 does not cover the damage accumulation, and to the knowledge of the author, no pro-

gramme loading tests were carried out on fasteners to verify the linear damage accumulation in case of 

concrete cone failure as of yet. Note the draft of the fib Bullin 59 proposes the use of the linear damage 

accumulation. However, programme loading tests are required to verify the general safety of the Miner´s 

rule for use for fasteners.  

To this end, new programme loading tests were carried out on headed studs with stepwise increasing, 

stepwise decreasing and decreasing-increasing loading protocol to check, whether the sequence of load-

ing blocks has an influence on the fatigue life of the concrete. If fatigue failure occurs at a Miner´s sum 

D < 1, restrictions might be introduced in the fatigue design. 

4.2.7 Concrete pry-out and concrete splitting failure modes 

The concrete pry-out failure under static loading occurs under shear loading as a result of the resulting 

tension force developed in the fasteners. Under static design according to the CCD-Method, the pry-out 

resistance of fasteners under shear loading can be expressed by the product of the resistance under ten-

sion and a factor k, which is included in the relevant European Product Assessment. The tension re-

sistance is the minimum value of the pull-out and concrete cone resistance under tension. The k factor 

is greater than 1 (mostly 2,0), and it is mainly dependent on the fastener embedment depth.  

According to the current design provision of EN1992-4, the fatigue failure in concrete pry-out must also 

be verified. Currently, the characteristic fatigue strength for concrete pry-out is 50% of the characteristic 
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monotonic pry-out resistance which equals to the proposal for other concrete failure modes. However, 

no fatigue tests are available on fasteners in case of pry-out. Since there is a theoretical link between the 

concrete cone resistance and the pry-out resistance, the fatigue investigation of the pry-out resistance 

may be neglected.  

The concrete splitting failure occurs as a consequence of insufficient thickness of concrete member, 

small edge distance and small anchor spacing. The characteristic fatigue strength for concrete splitting 

is 50% of the characteristic monotonic splitting resistance. However, no tests are available on fasteners, 

where the splitting failure of concrete under fatigue loading was provoked. The splitting failure is also 

a tensile associated concrete failure, and therefore the further experimental evidence may be omitted. 

4.2.8 Product specific fatigue resistance: pull-out 

As it was described in Section 2.5.1, the pull-out failure of fasteners under static loading can be different 

in case of expansion type fasteners, adhesive fasteners and headed fasteners. In case of expansion type 

fasteners, a distinction is made between pull-out and pull-through failure. In case of adhesive fasteners, 

the pull-out is associated with the limit state when the bond stress exceeds the bond strength along the 

embedment depth and either shear-off at the steel to mortar interface or shear-off at the mortar to con-

crete interface occurs. In case of headed fasteners, the pull-out resistance is associated with a local con-

crete failure on the head area of the headed stud.  

The pull-out resistance of the expansion type and adhesive type post-installed fasteners is strongly prod-

uct-dependent under static and under fatigue loading as well. The product assessment of fasteners under 

static loading is to be determined by qualification tests (i. e. European Assessment Documents or Ac-

ceptance Criteria). As for fatigue loading, currently a preliminary draft ETAG (European Technical 

Approval Guidelines) Annex F exists, which should in future define the required tests for the product 

assessment.  

4.2.9 Product specific fatigue resistance: Steel fatigue resistance 

The major influence factors on the steel fatigue resistance were shown in the literature review. One very 

important influence factor on the steel fatigue behaviour is the manufacturing method. It is known that 

fasteners are manufactured basically cold- or hot-rolled using black or stainless steel. The fasteners then 

may undergo several post-treatments, such as galvanisation and other coatings. Furthermore, the threads 

may also be manufactured through cutting or rolling. The anchors may not have constant cross-sectional 

areas along the longitudinal axis. The above manufacturing methods may damage the crystalline struc-

ture of steel and may introduce restraint stresses into the manufactured piece.  
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The combination of all these factors leads to different residual stresses and steel strengths within one 

anchor rod. The non-consistent steel strengths and geometries of the different anchors present the main 

difficulty of the steel fatigue design of fasteners. To the knowledge of the author is still under discussion, 

whether a simplified and generalised concept is to be used in future for steel using a generalised steel S-

N curve or it shall also be determined by qualification tests.  

4.2.10 Summary of the scope 

The scope of this recent PhD work is summarised in Table 4.2. 

Table 4.2 Summary of scope 

1 Development of a new evaluation method for the S-N curve determination, using numerical cyclic 

analysis and experimental data 

2 Experimental investigation on the influence of concrete strength with new fatigue tests 

3 Experimental investigation on the influence of anchor embedment depth with new fatigue tests 

4 Experimental investigation on the influence of alternating tension-compression on the concrete 

cone fatigue behaviour with new fatigue tests 

5 Experimental Verification of the Miner´s rule with new fatigue tests 

6 Theoretical investigations of the influence of loading frequency 

 

After the experiments according to the scope, the developed evaluation method (see Scope 1) will be 

calibrated using the new fatigue test results as well as existing data sets from the literature. The evalua-

tion of the experimental test results is to be done in three different ways: 

• Evaluation of the fatigue test results using EN1993-1-9 (evaluation of concrete fatigue behav-

iour using the method known for steel fatigue) 

• Evaluation of the fatigue test results using the developed evaluation method 

The results of the different evaluation methods shall be compared to each other. The comparison of the 

different evaluation methods should furthermore yield into the safe determination of the generalised 

characteristic concrete Wöhler-curve for the concrete cone failure. Based on the systematic evaluation 

of the influence parameters such as various minimum loads, embedment depth, concrete strength, load-

ing frequency, the development of a design concept is needed. The design shall be capable of calculating 

the number of cycles at failure and shall account for the most important influence factors.  
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5 FATIGUE BEHAVIOUR OF FASTENERS IN CASE OF CONCRETE 

FAILURE 

5.1 General 

The examples presented in the introduction show the increasing demand for the research of the high-

cycle fatigue of concrete in the fastening technology. The presented examples require the experimental 

verification of fatigue behaviour of fasteners up to at least 109 loading cycles. Since the available exper-

imental basis is limited to max 4·106 loading cycles, the experimentally captured cycling range needs to 

be extended based on adequate models. Most of the regression lines (Wöhler-curves) in the literature 

describe an exponential relationship between the applied load and the number of cycles to failure. Graph-

ically these curves appear basically as straight lines in the semi-logarithmic Wöhler-diagrams.  

This lets us conclude that the concrete may not exhibit an endurance limit. The means, that the crack 

propagation during the cyclic loading may never stabilize itself, which is principally independent of the 

relative applied load. The constant crack propagation under cyclic loading will turn to excessive crack-

ing after a certain number of load cycles. This is an unstable phase, in which the progressive increment 

of the displacements can be observed. This finally leads to the fatigue failure of the concrete. This is the 

so-called three-phase damage process of the concrete under cyclic loading. Note, that displacement-time 

behaviour of concrete under sustained static loading shows a similar three-phase damage model. How-

ever, in this latter case, the concrete creep governs the damage process.  

 

This hypothesis of the statement, that concrete may not exhibit an endurance limit is of particular interest 

in the fastening technology, where concrete is not the only component in the load-transfer mechanism.  

Typically, the load is transferred from a steel fastener (i.e. reinforcing bar, mechanical expansion an-

chors, threaded rod etc.) to the concrete via mechanical interlock, friction or bond.  

This concern the following materials: (1) concrete, which serves as base material, (2) the steel, which is 

generally the material of the fastener and (3) the bonding agent in case of bonded anchors.  

The applied load levels on the fastener may be selected such that neither the steel, nor the bond fatigue 

is decisive, but the concrete fatigue at high to very high number of cycles. This phenomenon is presented 

in Figure 1, where the Wöhler curves related to the different materials of fastener loaded in pulsating 

tension were schematically depicted. 
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Based on the existing knowledge on the fatigue behaviour of the above-mentioned materials, the Wöh-

ler-lines of steel and concrete may cross each other at a specific number of load-cycle. Subsequently, 

the concrete fatigue can occur at a very high number of cycles but small applied loads. This demand for 

concrete fatigue research is also in a good agreement with the development strategies of the manufac-

turers, who tend to use anchors with smaller embedment depths.  
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5.2 The new fatigue model to predict the fatigue resistance of concrete 

5.2.1 Development of the model and concept 

The concrete exhibits a 3-phase damage process under fatigue loading.  This was shown by evaluating 

different damage indicators (strain increase, loss of secant stiffness, heat emission, acoustic emission 

etc.). All evaluated fatigue damage indicators are evidence for crack initiation, steady crack propagation 

and unstable crack propagation followed by fatigue failure.  

 

Figure 5.1 Overview of damage indicators under fatigue loading (strain increase, loss of secant 

stiffness, temperature emission and acoustic emission as a function of N/Nfailure), reproduced based 

on the data of Holmen (1979), Thile et al. (2011), van der Haar et al. (2016) 
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The crack initiation takes place during the 0 – 20 %, the steady crack propagation (with nearly constant 

strain/displacement increase rate) during the 20-30 % to 70-80 % of the total number of load cycles 

(Nfailure). After 70-80 % of the total number of cycle, the crack propagates rapidly ending up in the 

material fatigue. The damage indicators are described in detail in  3.6.2 and are summarized in Figure 

5.1.  

Although the absolute value of strain increase rate, the rate of the loss of secant stiffness is strongly 

related to the number of cycles at failure, if these parameters are plot against the relative number of 

cycles (N/Nfailure), the damage process follows the same path, independently to the applied load or stress, 

meaning that all executed tests show the same cracking stages within the limiting values 0-20-80 % of 

Nfailure. Based on these observations, two major findings were made, which were used for the concept 

for the new evaluation method: 

1. The damage indicators evaluated and reported in different studies let us conclude to the fact, 

that there is no concrete fatigue threshold, meaning that currently no stress level is known, under 

which an infinite concrete fatigue life is expected. The damage indicators reported from various 

fatigue tests at different stress levels indicate early crack nucleation, crack propagation and in-

stable excessive cracking. Assumedly, as long as the material shows some non-linearity, i.e. 

hysteresis, the fatigue failure will occur. Therefore, the decision was made that the Wöhler-

curve should be described by a potential function, but it coverages into 0 minimum stress, in-

stead of given non-zero stress (no infinite life). 

2. The fatigue damage starts already as a result of the first loading cycle applied. 

According to the previous concept and assumption, in the fastening technology, the concrete fatigue 

may be the decisive failure mode in the high-cycle fatigue range. However, capturing the concrete fa-

tigue in the high to very-high cycle fatigue range would require extensive testing the prediction of the 

intersection of steel and concrete Wöhler-curves in the high cycle fatigue range might be beyond the 

experimentally possible testing range. Therefore, a new method is proposed, which is capable of pre-

dicting the fatigue behaviour of concrete for the entire loading range.  

The developed new method is principally based on the Paris law. However, certain modifications were 

made, and the new model is to be used in combination with available experimental data and a set of 

numerical results obtained for the problem in question. In the following, the development of the new 

fatigue model is described. 

The Paris-Erdogan law was introduced primarily to describe the fatigue life of ferrous materials. After-

wards, it became the most popular fatigue crack-growth model used in material science and fracture 

mechanics. The Paris law defines the crack-extension rate as a function of the stress amplitude (see 
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Eq. 1). The model used in the Paris-Erdogan law differentiates the fatigue damage between crack initi-

ation, crack propagation and failure.  
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= minmax  Equation 5.1 

where a = crack length, N = number of load cycles and da/dN denotes the infinitesimal crack growth 

related to increasing number of cycles. KC is the critical stress intensity factor for static (monotonic) 

loading, Kmax = stress intensity factor related to the crack at maximum load and Kmin = stress intensity 

factor related to the crack at minimum load.  C and m are empirical material constants (dependent on 

material type, stress ratio, stress range). The most important parameter is the exponent m, which indi-

cates the crack-growth rate as a function of the stress intensity factor. The empirical constants are deter-

mined based on experiments. The Paris law is capable of predicting the residual life in term of load 

cycles of the material if the crack size is known.  

The damage process of concrete is also a three-phase process consisting of crack initiation, crack prop-

agation and excessive cracking prior to fatigue failure. However, the major difference between the fa-

tigue fracture of concrete and steel is that the concrete is a brittle material showing cracking at already 

very small stresses. In fact, concrete already shows cracking even unloaded. The curve describing the 

crack-growth rate versus the stress intensity factor (Figure 5.2a) is almost identical with the maximum 

strain growth versus the number of cycles graph observed for concrete (compare to Figure 5.1), and 

furthermore, it is assumed that it also mathematically describes the Wöhler-curve (stress versus number 

of cycles).  

The increase of the maximum strain as a function of the cyclic loading is the evidence for the crack-

growth, and therefore the Paris-Erdogan Modell should be principally capable of describing the concrete 

damage under fatigue loading as well. Multiple experiments have already demonstrated that the Paris-

Erdogan law may also be applicable for cementitious, brittle materials (Schwarz and Go 1984, Suresh 

et al.1989), whereas the determined material dependent exponent m ranges from 8 to 10. An overview 

of the typical values for the material constants is shown in Figure 5.2b. The Paris slope m of engineering 

alloys (carbon steel, stainless steel, aluminium etc.) is much smaller (m ≈ 2-5) that those of the engi-

neering ceramics (m≈10-50). Engineering polymers exhibit a Paris slope of 4-20.   
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a)  

b)  

Figure 5.2 a) Typical crack-growth rate – stress amplitude diagram b) Material constants (Fleck 

et al. 1994) 

Summarizing, the Paris-law describes well the fatigue damage process of materials, where the parame-

ters C and m must be determined using experimental results. This was basically the main initiative for 

the use of the Paris low for the development of the new fatigue model. 

Instead of operating with the stress intensity factor like the Paris law, the proposed new model uses the 

dissipated energy (entropy) in order to account for degradation of structural resistance as a consequence 

of cycling loading. The main drawback of the Paris law is the use of the stress intensity factor K, which 

is only valid for a certain loading case, geometry, structural detail etc. and probably not transferrable to 
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another loading case. If considering a complex stress state (for instance simultaneous compression, shear 

and tension components), it should be more convenient to rather consider the energy release rate. 

In the proposed model, the critical number of loading cycles N is assumed to be a power function of the 

ratio between dissipated energy at peak load (Glim) and the difference in dissipated energies that corre-

spond to the upper and lower load applied in cyclic loading (Gmax-Gmin). The new proposed formulation 

reads as follows: 
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=

minmax

limlim  Equation 5.2 

where C and m are material dependent constants, which are obtained from the fitting of available test 

data; Gmax is the dissipated energy related to one loading cycle with the applied maximum load (Fmax); 

Gmin is the dissipated energy related to one loading cycle with the applied minimum load (Fmin), and Glim 

is the dissipated energy related to one loading cycle with the ultimate (reference) load (Fu).  

Essentially, Equation 5.2 is based on the relative energy dissipation. As a result of the increased applied 

minimum load (Gmin), the denominator in the bracket increases resulting in the increase of the number 

of load cycles at failure. If the maximum load is being decreased, the denominator (the result of the 

bracket is higher) and the number of cycles (N) are also increasing. This principally agrees well with 

the expected fatigue behaviour, since the decrease of the maximum load level decreases the loading 

amplitude on the fastener, which results in the progressive increase of a number of load cycles at failure. 

The Wöhler-curve that is determined is basically an S-shape curve that assumes a non-infinite fatigue 

life.  As the applied maximum load converges to the applied minimum load (Fmax → Fmin), the load 

amplitude converges to 0, and therefore the derived number of cycle and failure is also converging to 

infinity. The zero amplitude corresponds to a sustained constant load under which the model calculates 

an infinite life. The behaviour under sustained load requires further considerations and is not discussed 

within the scope of this PhD Thesis.  

Once the material dependent model parameters C and m are determined, the model is able to predict the 

number of loading cycles to failure for a given upper and lower load levels. The calibration of the model, 

i.e. the determination of C and m parameters using experimental data is summarised in Table 5.1. 

The calibration of the model means the determination of the material dependent parameters C and m. 

For the calibration, experimentally obtained test data is required, at least for a certain limited range of 

load cycles. For each calibration of the model, two failure points should be selected from Wöhler-dia-

gram. One failure point in the Wöhler-diagram is attributed by a maximum and minimum load (Fmax and 

Fmin) with which the fatigue test was executed and the number of cycles at failure (N). Subsequently, the 

two failure points required for the calibration of the model are denoted as Fmax,test1, Fmin,test1, N1 and 
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Fmax,test2, Fmin,test2, N2. To get reasonable results after the calibration, the two failure points have to be 

taken from different load levels, i.e. Fmax.test1 ≠ Fmax,test2 and N1 > N2 provided that Fmax,test1 < Fmax,test2. 

As a second step, the 3D Finite Element Model of the problem in question (e.g. headed studs close to 

the edge) must be implemented in a commercial Finite Element Software, for instance into FEMAP 

(Siemens). A non-linear numerical analysis (static analysis) must be performed to obtain the static ulti-

mate capacity (Fu) of the problem in question as well as the complete load-displacement (F - δ) behav-

iour. The numerically obtained F – δ curve obtained for the static capacity must fit well to the experi-

mentally obtain one. If a large deviation in the stiffness, ultimate load, descending part is observed, 

further adjustments are required. The deviations can be eliminated mostly by changing mesh size and 

material parameters. 

Next step is to perform numerical analysis, in which the problem in question is loaded and unloaded 

once with the ultimate load (Fu) to obtain Glim. Note that the loading and unloading with the exact ulti-

mate load are numerically possible.  

Now the energy dissipation related to the applied maximum and minimum loads in the fatigue tests must 

be numerically obtained by performing simple loading and unloading cycles with Fmax,test1,  Fmin,test1,  

Fmax,test2 and Fmin,test2 (Figure 5.3). The corresponding dissipated energies (area of closed hysteresis loops) 

are Gmax,test1(Fmax.test1), Gmin, test1(Fmin.test1), Gmax,test2(Fmax.test2), Gmin,test2(Fmin,test2). For the derivation of C and 

m parameters, the N values (N1 from test 1 and N2 from test 2), as well as the corresponding determined 

energy dissipations, must be inserted into Equation 5.2. This will lead to a two-equation system with 

two unknown parameters (Equation 5.3 and Equation 5.4). The equation system must be resolved after 

C and m. 

 

Figure 5.3 Numerically obtained hysteresis areas (Glim, Gmax, Gmin) 
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After the material dependent constants, C and m are determined, the fatigue life up to the targeted cyclic 

range can be evaluated using initial formula Equation 5.2. Note that two S-N pairs are required for each 

calibration curve. That means that the calibration of the model can be made by choosing all mathemat-

ically possible S-N combinations by using failure points from different load levels and each calibration 

would result in different fatigue curves. However, it is expected that the best choice of the two sets of 

data should be taken for a possible small and possibly large number of loading cycles.  
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Table 5.1 Calibration of the new fatigue model 

 Derivation of S-N curves with the proposed new fatigue model Example 

1. Obtain S-N data pairs for the problem in question experimentally.  

Example: Fatigue tests on Ø22 headed studs with a specific embedment 

depth in C20/25, loaded in cyclic-shear, the anchor is close to the edge 

 

2 Implementation of 3D Finite Element Model of the problem in 

question in an appropriate FE-Software. Numerical analysis for 

the same problem with monotonic loading until failure must be 

performed, e.g. using the Microplane Model 

Example: The same problem – Ø22 headed stud loaded in shear– should 

be implemented into the FE-Model and loaded up until failure to obtain 

the F-δ curve 

Glim is the dissipated energy related to loading+unloading with Fu 

 

3D Model, Bosnjak et. al (2014) 

3 Perform numerical analysis (loading and unloading) for the differ-

ent load levels used in the fatigue tests and calculate the dissipated 

energy 

Example:  

Fatigue test #1: Fmax,test,1=40 kN; Fmin,test,1=4 kN; N1=150.000 

Fatigue test #2: Fmax,test,2=36 kN Fmin,test,2=4 kN N2=1.000.000 

Gmin,1 is the dissipated energy related to loading+unloading with Fmin,test1 

Gmax,1is the dissipated energy related to loading+unloading with Fmax,test1 

Gmin,2 is the dissipated energy related to loading+unloading with Fmin,test2 

Gmax,2 is the dissipated energy related to loading+unloading with 

Fmax,test2 

 

4 Derivation of C and m constants 

The equation system (2 equations) is to be solved to derive the 2 

unknown parameters (C, m)  
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5 Derivation of full Wöhler-curve 

Note: The C and m constants are known from Step 4. Further load-

ing and unloading using different load levels must be performed, 

and N is to be calculated using Equation 5.2. 

 

 

 

0

20

40

60

80

100

120

1.E+00 1.E+03 1.E+06 1.E+09 1.E+12 1.E+15 1.E+18

re
la

ti
v
e
 s

tr
e

n
s
s
 r

a
n

g
e

 

/

lim
[%

]

number of cycles N [-]

Experiment (Block 2001)

Model (Calibration 50%-70%)

Model (Calibration 50%-80%)

Model (Calibration 60%-80%)



 

FATIGUE BEHAVIOUR OF FASTENERS IN CASE OF CONCRETE FAILURE 149 

 

  

5.2.2 Results of calibration of the new fatigue model using literature data 

In order to validate the functionality and robustness of the proposed fatigue model, calibrations were 

carried out using two independent data sets taken from the literature. The corresponding Finite Element 

Models of the investigated problems were implemented, and a cyclic analysis was executed to obtain 

the required dissipated energies, as described in Section 5.2.1. Finally, the predicted Wöhler-curves were 

plot and were compared with the corresponding proposed regression line obtained from the experiments. 

For the first calibration, the experimental data of Block (2001) with undercut anchors were used. The 

anchors were installed close to the edge with an edge distance of c = 0.5cmin and were subjected to 

pulsating shear load towards the edge to obtain concrete edge failure. The schematic of the test setup 

and the results of fatigue tests are shown in Figure 5.4. 

a) b)  

Figure 5.4 Fatigue behaviour of an undercut anchor loaded in pulsating shear load towards the 

edge (Block 2001) a) schematic of test setup b) test results 

To compute the required energy dissipation for model calibration, the above geometry was discretised 

with 3D finite elements. To capture the concrete edge failure under shear load, the modelling of a headed 

stud with the given diameter and edge distance was sufficient since undercut fasteners and headed studs 

close to the edge indicate similar load carrying behaviour under shear load towards the edge. For the 

spatial discretization of the concrete, four node tetrahedral solid finite elements were used, and the steel 

was modelled with eight node solid elements. On the concrete anchor shaft interface, a 1 mm thick 

contact layer was modelled, in which 1D bar elements were applied, which can take up only compressive 

forces. The location of the constraints corresponded to the applied clear support distance as per the 

experiments. The load was applied by controlling the displacement of the anchor. The material proper-

ties of the concrete were the same as in the experiments: uniaxial cylinder compressive strength fc = 28 

N/mm2, tensile strength ft = 2.5 N/mm2 and a Young modulus Ec = 30000 N/mm2. The steel behaviour 

was linear elastic with a Young modulus Es = 200000 N/mm2. The non-linear numerical analysis was 

performed using 3D finite element code MASA, which was developed at the University of Stuttgart, 
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Institute of Construction Materials (Ožbolt et al., (1999)). As a constitutive law for concrete, the micro-

plane model was employed (Ožbolt et al., (2001)). The numerically predicted peak load (during static 

loading) showed only a 1% deviation from the experimentally obtained value. Note that the applied 

relative load during the cyclic numerical analysis always referred to the numerically obtained reference 

peak load in order to eliminate the deviation of the peak loads obtained from the numerical and experi-

mental investigations. 

Three different S-N data pairs were selected from the experimental basis, and consequently, three cali-

brations were made. The three resulting fatigue curves were compared to the proposed regression curve 

by Block (2001) (Figure 5.5). The fatigue life was evaluated up to 1018, and the calculated value of the 

exponent m ranges from 7 to 10. The determined Wöhler-curves fit well to the regression line of Block 

in the range of 103 to 106. After 106 load cycles, the regression line of Block asymptotically approaches 

50% of the short-term resistance (0,5Vu). This agrees well with the proposal of the fib MC2020 draft, 

which is based on the tests and proposals derived therefrom. On the contrary, the derived Wöhler-curves 

using the new proposed fatigue model do not let us conclude in an endurance limit. This is in agreement 

with the conclusions of the previous experimental and theoretical investigations stating that the concrete 

may not show an endurance limit. This indicates that for fasteners, a concrete fatigue failure is expected 

even at low load levels in the high cycle fatigue range. 

a) b)  

Figure 5.5 Calibration of the new fatigue model with the test results of Block (2001) a) FE Model 

of the headed stud close to the edge (Bosnjak et al. (2014)) b) calibration curves compared to ex-

periments  

 

The validation of the proposed model was also carried out using fatigue test results on plain concrete 

specimens under uniaxial pulsating tension and alternating tension-compression. Since there are no re-

sults available on reversed loading of fastenings, the following example on the plain concrete shall 

demonstrate that the model is able to predict the behaviour of concrete under fatigue loading and may 

be applicable to fasteners as well. The calibration was done using the experimental data of Cornelissen. 
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a)       b) c)  

Figure 5.6 Fatigue behaviour of plain concrete cylinders loaded in pulsating tension and alter-

nating tension-compression (Cornelissen, (1984)) a) test specimen b) FE Model of the concrete 

cylinder c) test results 

Cornelissen (1984) performed fatigue tests on Ø120 mm 300 mm high concrete cylinders. They were 

subjected to pulsating tension and alternating tension-compression loading under dry and wet condi-

tions. Only the results performed with dry concrete were used to calibrate the model. The compressive 

strength of the concrete was fc = 47 N/mm2; the tensile strength was ft = 2.7 N/mm2 and the Young 

Modulus was Ec = 35000 N/mm2. The test specimen, the implemented Finite Element Model and the 

experimental results of Cornelissen are shown in Figure 5.6. Note that in the case of tension-compression 

loading the applied relative compression stress was varied between 2.5% to 10% of the compressive 

strength.  

For the calibration of the numerical model, the results obtained from the empirical formulas proposed 

by Cornelissen were used. Three σ-N pairs were calculated in case of tension-tension loading based on 

Equation 3.8 and in case of tension-compression loading based on Equation 3.9. The calibration of the 

model was carried out using the S-N pairs summarized in Table 5.2 and Table 5.3. 

Table 5.2 Used calculated calibration points for tension-tension 

 

 

 

 

 

 

 Tension-tension (using Equation 3.8) 

 max/fctm min/fctm N (calc) max/fctm min/fctm N (calc) 

1 0,5 0,0 35481339 0,7 0,0 44259 

2 0,5 0,0 35481339 0,8 0,0 1563 

3 0,6 0,0 1253141 0,8 0,0 1563 
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Table 5.3 Used calculated calibration points for tension-compression 

 

 

 

 

 

The calibration was performed based on the concept in 5.2.1. The comparison of the determined cali-

bration curves with the experimental data and the proposed empirical model of Cornelissen is shown in 

Figure 5.7. The derived Wöhler-curves after the calibration of the new fatigue model fit well to the 

experimental data as well as with the proposed empirical model by Cornelissen up to 108 loading cycles 

in case of pulsating tension and until 106 number of cycles in case of alternating tension-compression 

respectively. This confirms the general applicability of the proposed new model, even in the case of 

alternating compression-tension. It can be seen, that the empirical formulas proposed by Cornelissen 

(Equation 3.8 and Equation 3.9) provide more conservative results in the high cycle fatigue range (>106).  

The determined exponent m ranges from 4 to 9 in calibration scenarios, which agrees well with the 

exponent reported by Bažant & Xu (1991) and Bažant & Schnell (1993). 

a)  b)  

Figure 5.7 Comparison of the new fatigue model with the regression line proposed by Cornelis-

sen a) tension-tension b) tension-compression (Bosnjak et al. (2014)) 

The two above presented calibrations demonstrate the capability of the new proposed fatigue model to 

predict the fatigue behaviour of fasteners in case of concrete failure. The calibration shows that the 

model yields in robust results even if the calibration points are taken from the low to mid-cycle fatigue 

range. Note that further experimental results are required to validate the model, particularly in the high-

cycle fatigue range.  

 Tension-compression (using Equation 3.9) 

 max/fctm min/fcm N (calc) max/fctm min/fcm N (calc) 

1 0,5 0,05 184289 0,7 0,05 4780 

2 0,5 0,05 184289 0,8 0,05 770 

3 0,6 0,05 29682 0,8 0,05 770 
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After calibration, i.e. the C and m parameters are determined, the number of cycles at failure can be 

evaluated over the whole stress / load range. The evaluation of the high cycle fatigue behaviour is im-

portant for structural elements (such as offshore structures subjected to wave loads), but it can also be 

important in the fastening technology. Since the steel endurance limit (cut-off limit) is assumed to be 

reached after approximately 107 cycles, it is assumed that the concrete fatigue failure will be decisive in 

the high-cycle fatigue range. The new model is capable of determining the intersection of steel and 

concrete Wöhler-curves, and therefore, the decisive failure modes over the whole cyclic range can be 

predicted.  

It was also emphasized in Section 5.2.1 that the new fatigue model does not account for the concrete 

endurance limit. By reducing the maximum load, the model calculates a higher fatigue life if the maxi-

mum load approaches the minimum load (zero load amplitude, constant load) the function yields in an 

infinite number of cycles.   

Furthermore, if the material parameters are determined C and m, Wöhler-curves can be derived with 

various minimum loads as well. If Wöhler-curves are derived with various (relative) minimum loads, 

the Smith Diagram can be constructed according to Figure 3.10. 

5.2.3 Sensitivity study and development of a new evaluation method using the new fatigue model 

5.2.3.1 General 

The new fatigue model is a curve fitting method (2-point curve fit), where the Wöhler-curves are deter-

mined using experimental data combined with the results of cyclic analysis (FEM-Method). The major 

advantage of using the energy dissipation over the stress intensity factor (Paris law) is that complex 

stress states can be captured. The 3D cyclic analysis and the therefrom derived dissipated energy cap-

tures the non-linear behaviour of the concrete reasonably well, and therefore it replaces the stress inten-

sity factor used in the Paris-law. In the fastening technology, the concrete failure modes are concrete 

cone failure under tension and concrete edge and concrete pry-out failure under shear loading. Both are 

described with complex 3D stress states, and therefore the operation with the corresponding dissipated 

energies is reasonable. It is targeted in this recent PhD Thesis to derive the characteristic Wöhler-curves 

for concrete cone failure and concrete edge failure using the new fatigue model, based on the existing 

database from the literature as well as using new fatigue test results. The new fatigue results should also 

serve as verification of the new fatigue model up to 108 loading cycles.   

The main task is to derive the characteristic Wöhler-curve using the new fatigue model. To this end, the 

development of a new evaluation method is needed. In the following, the developed method to derive 

the characteristic Wöhler-curve is presented.  
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5.2.3.2 Determination of all possible calibration curves and the characteristic Wöhler-curve 

It was shown in the previous section, how the new fatigue model can be calibrated and how the material 

constants C and m can be derived by solving the equation system. Furthermore, it was shown that each 

calibration is to be made using two arbitrary chosen failure points from the experimental data set. One 

single calibration yields in one single Wöhler-curve (2-point curve-fitting), which will be further called 

calibration curve. It is also obvious that as many calibration curves can be made as many failure-point 

pairs can be randomly picked from the given data set. For the most precise determination of the charac-

teristic Wöhler-curve, all possible calibration curves must be made. As a first step, it is essential to 

know, how many possible Wöhler-curves (calibration curves) can be made using an experimental data 

set containing a given number of fatigue tests (∑tests) executed at certain load levels. From a mathe-

matical point of view, the number of possible calibration curves is equal to the total number of randomly 

chosen failure-point pairs from the given data set (random pick 2-samples of from an entirety).  

In the following, the calculation of the total number of randomly chosen failure-point pairs is presented 

using a fictive data set. Generally, the fatigue tests are executed as fatigue step tests, i.e. a certain number 

of tests are executed at different maximum stresses/loads, whereas the minimum load is identical in all 

tests. This fatigue-testing concept allows the evaluation of a Wöhler-curve with great sufficiency. A 

typical (fictive) test program is shown in Table 5.4. According to Table 5.4, the tests are executed at 

three different load levels, 3 fatigue tests at each load level. The minimum load is 10% of the static 

resistance in each case. According to this, the tests program includes 9 fatigue tests in total. 

Table 5.4 Exemplary test program for constant amplitude fatigue step tests 

Load level Maximum load1) Minimum load1) Number of fatigue tests 
No. of tests at 

same load test 

n1 80% 10% 3 n1=3 

n2 70% 10% 3 n2=3 

n3 60% 10% 3 n3=3 

total no. of 

load levels 

m=3 

  ∑tests  9  

1)Load level is generally expressed by the actual load / monotonic ultimate resistance ratio 

  

The number of the executed tests can be summarised at each load level (ni) separately. In this case, 3 

tests are carried at the first load level n1=3, three at the second load level n2=3 and three at the third load 

level n3=3. Theoretically, if each executed test would be executed at different load levels, then n1=1, 

n2=1, n3=1 and so on. 
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First, it must be determined, how many random picks are possible provided that the points are always 

to be selected from different load levels to get reasonable results. The number of the possible random 

picks from the entirety can be calculated according to Equation 5.7 and more generalised according to 

Equation 5.8. 

 1

2
[𝑛1 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛1) + 𝑛2 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛2) + 𝑛3 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛3) + ⋯+ 𝑛𝑖 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)] Equation 5.7 

𝑁𝑐𝑎𝑙𝑖𝑏,𝑡𝑜𝑡𝑎𝑙 =
 1

2
∑[𝑛𝑖 ∗ (∑ 𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)]

𝑚

𝑖=1

 Equation 5.8 

Where:    

ni:  number of tests at “i” test level   

m  total number of load levels 

∑tests:  total number of all executed tests (incl. all load levels) 

The calculation can be simplified if the number of the executed tests at the different load levels are 

identical. Such a fictive data set is shown in Figure 5.8. Note that Figure 5.8a can be theoretically the 

results of the test program shown in Table 5.4.   

a) b)  

Figure 5.8 Fictive database with the same number of tests at each load level 

Figure 5.8a depicts (fictive) test results, where the tests were executed based on the test program shown 

in Table 5.4. The total number of tests is ∑tests = 9, the number of load levels is m=3, and the total 

number of possible calibrations is calculated as follows Equation 5.9: 

 1

2
∑[𝑛𝑖 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)]

𝑚

𝑖=1

=
1

2
[3 (9 − 3) + 3 (9 − 3) + 3 (9 − 3)] = 27 Equation 5.9 
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In Figure 5.8b another exemplary data set is shown having 4 tests at each 3 load levels. In this case, the 

total number of tests is ∑tests=12; the tests are carried out on three different load levels (m=3), and on 

each load level 4 fatigue tests were performed. The total number of possible calibrations is calculated 

as follows (Equation 5.10):  

 1

2
∑[𝑛𝑖 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)]

𝑚

𝑖=1

=
1

2
[4 (12 − 4) + 4 (12 − 4) + 4 (12 − 4)] = 48 Equation 5.10 

 

For a better graphic interpretation of possible calibration curves in the function of the input points, the 

total number of possible calibrations for typical fatigue-testing scenarios is calculated, and the results 

are given in Table 5.5. Standard fatigue-testing scenario means in this context that the number of tests 

at each test level is identical. It is obvious that the more failure points are contained in the Wöhler-

Diagram, the more calibration curves can be made. The number of possible calibrations as a function of 

the number of tests at one load level is shown in Figure 5.9. 

 

Table 5.5 Total number of possible calibrations for typical test scenarios 

Total number of load levels Number of tests at load level Total No. Fatigue tests Total No. Of Possible Calibrations 

m n1=n2=n3=ni ∑tests 
 1

2
∑[𝑛𝑖 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)]

𝑚

𝑖=1

 
 

2 1 2 1 

2 3 6 9 

2 5 10 25 

3 1 3 3 

3 3 9 27 

3 5 15 75 

4 1 4 6 

4 3 12 54 

4 5 20 150 

5 1 5 10 

5 3 15 90 

5 5 25 250 

6 1 6 15 

6 3 18 135 

6 5 30 375 
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Figure 5.9 Total number of possible calibrations as a function of different data sets in terms of 

number of tests and number of load levels 

Besides using the calculations for standard fatigue-testing scenarios shown in Table 5.5, the calculation 

of the total number of randomly chosen failure-point pairs for non-standard fatigue testing scenarios is 

possible using Equation 5.8. “Non-standard” fatigue testing scenarios in this context mean that the num-

ber of tests at each test levels differs from another.  If all possible calibrations are made, the derived 

Wöhler-curves form a scatter range. Each calibration curve intersects the two failure points, whereupon 

the calibration was done (2-point curve fitting). 

It is now necessary afterwards, to determine the characteristic Wöhler-curve that corresponds to 5% 

failure probability (5% fractile). For the evaluation of the characteristic Wöhler-curve based on the 

Wöhler-curves derived after the calibrations the following procedure is proposed: 
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Table 5.6 Derivation of characteristic Wöhler curve using the new fatigue model 

 Derivation of a characteristic Wöhler-curve using 

the new fatigue model 

 

1. Calculate the possible number of calibration curves and 

build all possible combinations 𝑁𝑐𝑎𝑙𝑖𝑏,𝑡𝑜𝑡𝑎𝑙 =
 1

2
∑[𝑛𝑖 ∗ (∑𝑡𝑒𝑠𝑡𝑠 − 𝑛𝑖)]

𝑚

𝑖=1

 

2 Build all possible combinations for calibration Cal. #1: Test 1 + Test 4 

Cal. #2: Test 1 + Test 5 

Cal. #3: Test 1 + Test 6 

Cal. #4: Test 2 + Test 4 

Cal. #5: Test 2 + Test 5 

Cal. #6: Test 2 + Test 6 

Etc. 

3 Make all calibration curves: all possible Wöhler-curves 

based on the combinations determined under (2) must 

be made.  

 

4 Vertical cuts are to be made at N= 103; 2·106, 108 and 

1012 load cycles and the intersecting points are to be 

considered as failure points at the vertical sections. In 

each vertical cut, the 5 % fractile (with 90% confidence 

limit) is to be calculated. 

 

 

4 The characteristic Wöhler-curve is a curve fitted to the 

calculated 5% fractile points 

 

 

As the first step, the total number of calibrations must be evaluated using Equation 5.8. Equation 5.8 

calculates only the number of combinations, where the two randomly picked points are taken from dif-

ferent load levels. Due to the nature of the fatigue behaviour (scatter) it may happen though that the 

number of cycles at failure at a certain load level is higher than that at a smaller load level. The resulting 
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calibration curve will have a negative slope (negative m) which is in a contradiction with the fatigue 

behaviour. This case is schematically shown in Equation 5.9. These calibrations must be ignored during 

the derivation of the characteristic Wöhler-curve. The calibration curves build a scatter band in the 

Wöhler-diagram. It is proposed to build vertical cuts at different N values. In these vertical cuts, the 

intersecting points show a statistical distribution, and the 5 % fractile values can be calculated assuming 

a normal distribution (Owen distribution). The more vertical cuts are being made, the more precise char-

acteristic Wöhler-curve can be determined. For time-saving purposes, the position of the vertical cut is 

recommended at N = 102, N = 103, N = 2 x 106, N = 108 and at N = 1012. It is also expected that not all 

calibration curves may intersect the vertical cuts. Calibration curves with high slopes may not intersect 

the affected vertical cuts. This reduces the number intersection points in the respective cuts, and there-

fore the t-Student value must be adopted taking into account the actual sample size when calculating the 

characteristic load in the vertical cuts. 

 

Figure 5.10 Calibration curves to be ignored in the evaluation 

It can be seen that the derivation of the characteristic Wöhler-curve may be a very time-consuming 

process because, for the determination of the most precise characteristic Wöhler-curve, all calibration 

curves must be made. It was already shown in Table 5.5 that a huge number of calibration curves (total 

number of randomly chosen failure-point pairs) can be made even in the case of relatively small data 

sets.  

5.2.3.3 The sensitivity of the characteristic Wöhler-curve to limited calibration curves 

Within the scope of the sensitivity study, it should be shown, how sensitively the characteristic Wöhler-

curve changes if it is only determined based on not all, but only a limited number of calibrations curves. 

To get the sense of the sensitivity, the characteristic Wöhler-curve based was determined using a limited 

number of calibration curves. All possible point combinations were built, and with a random generator 

the characteristic Wöhler-curve was determined using: 
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(1) 100 % of all possible calibration curves (precise determination of char. Wöhler-curve, i.e. ref-

erence characteristic Wöhler-curve) 

(2) 3 % randomly chosen calibration curves out of all possible combinations 

(3) 6 % randomly chosen calibration curves out of all possible combinations 

(4) 12% randomly chosen calibration curves out of all possible combinations 

(5) 23 % randomly chosen calibration curves out of all possible combinations 

(6) 50 % randomly chosen calibration curves out of all possible combinations 

It is assumed that the more randomly chosen calibrations are used for the determination of the charac-

teristic Wöhler curve, the less deviation will be observed compared to the Wöhler-curve, which is de-

termined based on all possible calibration curves. With another wording, the maximum observed devi-

ation will allow the derivation of a correction factor (γcalib) with which the characteristic Wöhler-curve 

is to be modified if it is determined based on only a limited number of calibration curves. Note that only 

the positive deviation from the reference characteristic Wöhler-curve results in unsafe results because 

these curves overestimate the fatigue strength. 

For the sensitivity study, the data set from Lotze (1993) was used. The data set includes the results of 

pulsating-tension tests with cast-in headed studs. All tests (excluding the run-outs) failed by concrete 

cone. The applied maximum and minimum loads, number of cycles are summarised in Table 5.7. The 

results of the monotonic tests as a function of the concrete age are shown in Figure 5.11. The total 

number of tests is ∑tests. The tests according to the evaluation were carried out on m = 12 load levels. 

Note that the number of different load levels is a result of the evaluation of the relative applied maximum 

load is expressed as a ratio of the load applied versus the calculated ultimate load at the beginning of 

the test. The number of tests at the different load levels is summarized in Table 5.7.  

a) b)  

 Figure 5.11 Static resistance (concrete cone capacity) from monotonic tension tests (Lotze 

(1993)) 
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Figure 5.12 Fatigue resistance of fasteners in case of concrete cone failure (Lotze (1993)) 

Table 5.7 Data set: headed stud, pulsating tension (Lotze, 1993) 

Test 

ID 

Concrete 

age at 

testing 

Fmax Fmin Nu,m
1) Fmax/Nu Fmin/Nu 

Run-

out? 
Failure N log N 

[-] [day] [kN] [kN] [kN] [-] [-] [-] [-] [-] [-] 

1 92 43,5 4,8 52,54 0,83 0,09 No CC 1080 3,03 

2 92 43,5 4,8 52,54 0,83 0,09 No CC 68540 4,84 

3 94 43,5 4,8 52,72 0,83 0,09 No CC 1990 3,3 

4 94 43,5 4,8 52,72 0,83 0,09 No CC 730 2,86 

5 88 41,1 4,8 52,18 0,79 0,09 No CC 587560 5,77 

6 88 41,1 4,8 52,18 0,79 0,09 No CC 4680 3,67 

7 91 41,1 4,8 52,45 0,78 0,09 No CC 9610 3,98 

8 91 41,1 4,8 52,45 0,78 0,09 No CC 1109700 6,05 

9 45 38,6 4,8 48,31 0,80 0,1 No CC 25900 4,41 

10 45 38,6 4,8 48,31 0,80 0,1 No CC 2000 3,3 

11 45 38,6 4,8 48,31 0,80 0,1 No CC 4760 3,68 

12 84 38,6 4,8 51,82 0,74 0,09 Yes  Run-out 2662000 6,43 

13 94 38,6 4,8 52,72 0,73 0,09 No CC 261320 5,42 

14 46 36,2 4,8 48,40 0,75 0,1 No CC 9440 3,97 

15 49 36,2 4,8 48,67 0,74 0,1 No CC 305180 5,48 

16 72 36,2 4,8 50,74 0,71 0,09 No CC 412730 5,62 

17 78 36,2 4,8 51,28 0,71 0,09 Yes  Run-out 5666000 6,75 

18 44 33,8 4,8 48,22 0,70 0,1 No CC 842760 5,93 

19 45 33,8 4,8 48,31 0,70 0,1 No CC 595500 5,77 

20 47 33,8 4,8 48,49 0,70 0,1 Yes  Run-out 2000000 6,3 

21 74 33,8 4,8 50,92 0,66 0,09 Yes  Run-out 2146000 6,33 

22 66 31,4 4,8 50,20 0,63 0,09 Yes  Run-out 3847000 6,59 

23 70 31,4 4,8 50,56 0,62 0,09 Yes  Run-out 2022750 6,31 

1)The ultimate load changes proportionally to the concrete hardening. Based on the monotonic pull-out test 

results, the static concrete cone capacity in function of the concrete age is calculated using the formula  

Nu=0,0901·(Concrete age in days)+44,254 [kN] 
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Table 5.8 Number of tests at the same load levels (based on the data set from Lotze, 1993) 

Test 

level 

Maximum load Test ID Number of tests at load 

level 

n1 43,5 1,2,3,4 4 

n2 41,1 5,6,7,8 4 

n3 38,6 9,10,11,12,13 5 

n4 36,2 14,15,16,17 4 

n5 33,8 18,19,20,21 4 

n6 31,4 22,23 2 

  ∑tests  23 

The total number of possible calibrations, provided that the two chosen failure points are always selected 

from different load levels, is 218 based on Equation 5.8. All calibration curves were made according to 

the process detailed in Section 5.2.1. All the calibration curves are shown in Figure 5.13 using the data 

set of Lotze (1993). 

 

Figure 5.13 All calibration curves (175) derived for the data set of Lotze (1993) 

By neglecting combinations resulting in negative slopes, 175 “reasonable” calibration curves could be 

generated. According to the evaluation concept described in Table 5.6, vertical cuts were made at 

N = 102, N = 103, N = 2 x 106, N = 108 and at N = 1012. The 5 % fractile values were calculated in the 

corresponding vertical cuts. Based on the determined characteristic fatigue strengths at N = 102, 103, 2 

x 106, 108, 1012 and 1018
 load cycles, the derived Wöhler-curve is shown in Figure 5.14. The ratio of the 

derived characteristic Wöhler-curve and the regression line proposed by Lotze was checked at N = 102, 

103, 2 x 106, 108, 1012 load cycles. The characteristic Wöhler-curve at N = 102 assumes 81%, at N = 103 

84% at N= 2·106 71 %, at N = 108 62 % and at N=1012  66 % of the (mean) regression curve. This 

corresponds to a mean deviation of 0,73 (CoV= 13 %), which is not significantly higher than the “gen-

erally accepted” NRk,c/Nu,c-ratio under static loading in case of concrete cone failure of tension loaded 
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fasteners (assuming a normal distribution and CoV=15 %). It is to note that the deviation between the 

mean (regression) curve and the characteristic curve shows a slight increase at increased load cycles. 

This generally reflects the fact that the scatter band which is built up by the calibration curves is higher 

at increased load cycles. 

 

Figure 5.14 Characteristic Wöhler-curve (5% Fractile, 90 % confidence limit) for the data set of 

Lotze (1993) based on 175 (all) calibration curves (“Reference” Wöhler-curve) 

The calculated Wöhler-curve shown in Figure 5.14 should have been slightly modified taking into ac-

count the following considerations:  

(1) In this certain case using the data set of Lotze (1993), the ultimate concrete cone capacity (ref-

erence load) is Nu,m = 49,6 kN and the characteristic concrete cone capacity is NRk,c = 42,7 kN. 

This corresponds to a ratio of  NRk,c / Nu,m = 0,86. The Wöhler-curve determined in Figure 5.14 

should represent the 5 % fractile curve (with 90 % confidence limit), the curve should start at 

NRk,c / Nu,m = 0,86 corresponding to N = 1.  

(2) Since the Fmax / Nu,m of the newly derived characteristic Wöhler-curve at 1018 is less than 

Fmin/Nu,m = 0,1 (which physically cannot be, because the applied minimum load was 0,1·Nu,m), 

it is proposed that the S-N curve beyond 1012 should asymptotically approach the minimum 

applied load (which is Fmin/Nu,m=0,1 in this case). Based on practical considerations, 

Fmin/Nu,m=0,1 is the fatigue limit at N = 1024. The concrete threshold is generally rather ques-

tionable; the fib Model Code 2010 is also evaluated up to 1024 loading cycles, which for reason 

of simplicity, corresponds to Smin. 

Considering the above two concepts, the derived characteristic Wöhler-curve assumes 0,86 at log N = 0 

and asymptotically approaches Fmin/Nu,m at log N = 1024. The proposed modified characteristic Wöhler-

curve is shown in Figure 5.15. Note that the curves at this point are only valid for a minimum load Fmin 
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/ Nu,m = 0,1 (Fmin / NRk,c = 0,12). The difference between Figure 5.15a and Figure 5.15b is that Fmax is 

related once to Nu,m in Figure 5.15a and it relates to NRk,c in Figure 5.15b. 

a) b)  

Figure 5.15 Modified characteristic Wöhler-curve for the data set of Lotze (1993) based on 175 

(all) calibration curves (“Reference” Wöhler-curve) a) Fmax / Nu,m versus log N;  b) Fmax / NRk,c 

versus log N 

Using the data set of Lotze (1993), the characteristic Wöhler-curve determined based on all possible 

calibration curves according to the new evaluation may be described by the slopes in the corresponding 

cyclic ranges using Equation 5.11 to Equation 5.14 (see Figure 5.16). 

N < 103  log N = 20 (Smax - 1) Equation 5.11 

103 ≤ N ≤ 108 log N = 11,11 (1,12 - Smax) Equation 5.12 

108 ≤ N ≤ 1012 log N = 23,122 (0,746 - Smax) Equation 5.13 

1012 ≤ N ≤ 1024 N = 112,11 (0,334 - Smax) Equation 5.14 

with Smax = Fmax / NRk,c. 

In the next step, characteristic Wöhler-curves were determined using a limited number of randomly 

chosen calibrations curves. This is a reliable way to investigate, how big is the deviation from the “ref-

erence” Wöhler-curve (which was determined based on all possible calibration curves), if only a limited 

number of calibration curves are used. In order to generate characteristic Wöhler-curves, in this case, 

only ncalib = 5; 10, 20, 40, 87 calibration curves were used. The corresponding calibration curves were 

selected using a random generator. The reason for using a random generator was to reduce the probabil-

ity of selecting very beneficial or eventually very conservative data sets. This procedure was repeated 

10 times for all five cases. Consequently, 10 different characteristic Wöhler-curves were determined, 

where each characteristic Wöhler-curve was generated based on 5, 10, 20 etc. randomly chosen calibra-

tion curves. The generated characteristic curves are shown in Figure 5.17 to Figure 5.21. 
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Figure 5.16 Modified characteristic Wöhler-curve for the data set of Lotze (1993) based on 175 

(all) calibration curves (“Reference” Wöhler-curve), Fmax / NRk,c versus log N 

 

Figure 5.17 Characteristic Wöhler-curve for the data set of Lotze (1993) based on Ncalib=5 ran-

dom calibration curves 
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Figure 5.18 Characteristic Wöhler-curve for the data set of Lotze (1993) based on Ncalib=10 ran-

dom calibration curves 

 

Figure 5.19 Characteristic Wöhler-curve for the data set of Lotze (1993) based on Ncalib=20 ran-

dom calibration curves 
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Figure 5.20 Characteristic Wöhler-curve for the data set of Lotze (1993) based on Ncalib=40 ran-

dom calibration curves 

 

Figure 5.21 Characteristic Wöhler-curve for the data set of Lotze (1993) based on Ncalib=87 ran-

dom calibration curves 

The results of the sensitivity study (Figure 5.17 to Figure 5.21) show the significant decrease of the 

deviation from the “reference” characteristic Wöhler-curve when increasing the number of calibration 

curves used. This can be observed on the narrower scatter band built by the corresponding curves. The 

curves below the reference Wöhler-curve may be very conservative; they are on the safe side. However, 
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the positive deviations, e.g. the characteristic Wöhler-curve is above the reference Wöhler curve, are 

unsafe, because it overestimates the fatigue strength. The deviations from the “reference” characteristic 

Wöhler-curve were calculated at N = 102, N = 103, N = 2 x 106 and N = 108 number of cycles for the 

different scenarios. The positive and negative calculated deviations from the “reference” Wöhler-curve 

are shown as a function the relative number of calibrations (ncalib/ ncalib,total) (see Figure 5.22). If the 

Wöhler-curve is determined based on 100% of the possible calibration curves (ncalib = ncalib,total), the de-

viation is obviously assumed to be 0 %.  If the characteristic Wöhler-curve is determined based on a 

limited number of calibrations, uncertainty is possible. The experienced deviation from the reference 

Wöhler-curve is 10 % if the characteristic Wöhler-curve is determined using 50 % of all calibration 

curves (ncalib/ ncalib,total  = 0,5). The deviation can be expressed as a function of the ratio number of used 

calibration curves to a total number of calibration curves (Equation 5.15).  

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 [%] = 0,0038 (
𝑛𝑐𝑎𝑙𝑖𝑏

𝑛𝑐𝑎𝑙𝑖𝑏,𝑡𝑜𝑡𝑎𝑙
)

2

− 0,7195 (
𝑛𝑐𝑎𝑙𝑖𝑏

𝑛𝑐𝑎𝑙𝑖𝑏,𝑡𝑜𝑡𝑎𝑙
) + 34,471 Equation 5.15 

The correction factor γcalib was developed on the basis of the executed sensitivity study (see the right 

column in Table 5.9). It describes the expected uncertainty of the determined Wöhler-curve if it is gen-

erated only using a limited number and randomly chosen of calibration curves. It is proposed to multiply 

the ordinates of the Wöhler-curve with respect to the number of calibration curves used, which will lead 

to the vertical shifting of the Wöhler-curve downwards.  

 

Figure 5.22 Sensitivity study: Expected deviation of the Wöhler-curve based on limited calibra-

tions curves from the “reference” Wöhler-curve 
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 Table 5.9 Proposed correction factor γcalib accounting for sensitivity 

ncalib/ ncalib,total Deviation Correction factor γcalib 

 
𝟎, 𝟎𝟎𝟑𝟖 (

𝒏𝒄𝒂𝒍𝒊𝒃

𝒏𝒄𝒂𝒍𝒊𝒃,𝒕𝒐𝒕𝒂𝒍

)

𝟐

− 𝟎, 𝟕𝟏𝟗𝟓 (
𝒏𝒄𝒂𝒍𝒊𝒃

𝒏𝒄𝒂𝒍𝒊𝒃,𝒕𝒐𝒕𝒂𝒍

) + 𝟑𝟒, 𝟒𝟕𝟏 
1 –(Deviation/100) 

[%] [%] [-] 

1 34 0,66 

2 33 0,67 

3 32 0,68 

4 32 0,68 

5 31 0,69 

10 28 0,72 

15 25 0,75 

20 22 0,78 

30 16 0,84 

40 12 0,88 

50 8 0,92 

100 1 0,99 

5.2.4 Summary and further potential of the newly developed evaluation method 

In the previous sections, the development of a new evaluation method was described. The developed 

evaluation method is based on the Paris law, which is the most widely known model for describing the 

crack damage under fatigue loading.  Instead of using the stress intensity factor, the relative energy 

dissipation is used in the formula. The energy dissipations are to be determined using the cyclic numer-

ical analysis. The new concept enables the robust determination of Wöhler-curves for the entire load 

range based on existing experimentally obtained data sets and cyclic numerical analysis. It was shown 

using the independent data sets that the new evaluation method delivers robust results. The concept is 

considered as a “precise” 2-point fitting, where the Wöhler-curve is fitted onto two existing failure points 

in the Wöhler-graph. Depending on the size of the experimental data set, more individual Wöhler-curves 

can be made. In fact, as many Wöhler-curves (calibration curves) can be made, as the total number of 

random-pick of 2 points out of all available failure points.  

A concept for the determination of a characteristic Wöhler-curve was proposed. First, all possible inde-

pendent and reasonable calibration curves are to be made. When all calibration curves are done, vertical 

fictive cuts are to be made at a certain load cycle (N = 103, 2·106, 108, 1012 and 1018) and each intersecting 

point of the fictive vertical line and the Wöhler-curves are considered as failure point at the correspond-

ing load cycle. The 5%-Fractile values with 90% confidence limit are to be calculated in each vertical 

cut taking normal-distribution and the actual number of variables into account. By the conjunction of 

the calculated “5%-Fractile” points, the 5 %- Fractile characteristic Wöhler-curve can be made. Further-

more, it was assumed that the determination of the characteristic Wöhler- curve may be sensitive to the 

choice and to the number of the calibration curves used. A sensitivity study was carried out showing 
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how sensitively the characteristic Wöhler-curve changes if it is generated based on a randomly chosen 

limited number of calibration curves. The sensitivity study does not address the issue of how many 

failure points are required in the experimental data set for a reasonable evaluation.      

As it was shown in 5.2.1, the parameters C and m are to be determined for one Wöhler-curve. However, 

once the C, m parameters are determined, the new evaluation method is also capable of the determination 

of Wöhler-curves for various minimum load. This can be done by keeping the determined C,m param-

eters constant in Equation 5.2 and changing the Gmin. It is recommended to capture the influence of 

minimum load on “mean load level” instead of using characteristic values. For the evaluation of Wöhler-

curves for other minimum loads, the ratio of mean Wöhler-curve to characteristic Wöhler-curve 0,73 

may be taken.  

In the following Section, experimental investigations are presented, which were carried out within the 

scope of this PhD work. The experimental results will also be evaluated using the evaluating method 

proposed by EN1993 and also using the method presented above.    
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5.3 Experimental investigations on the fatigue behaviour of fasteners in case of concrete cone fail-

ure 

5.3.1 General 

To extend the knowledge and database on the fatigue behaviour of fasteners in case of concrete cone 

breakout failure, experimental investigations were carried out according to the scope of the PhD Thesis.  

The executed fatigue tests can be principally divided into pulsating tension and alternating tension-

compression tests.  In Table 5.10, the aims of the experimental investigations (test series) with the es-

sential test parameters are summarized. In the following sections, the results of all executed static and 

fatigue tests are reported. 

Table 5.10 Aim of the experimental investigations 

 Pulsating tension tests Alternating tension-compression tests 

 

  

Aim 1. Influence of embedment depth  

2. Influence of concrete strength 

3. Damage accumulation 

1. Influence of minimum compres-

sive load on the concrete cone fa-

tigue life 

Tested an-

chor 

Headed stud, Ø 25,4  mm (1”), S235 Headed stud, Ø 25,4  mm (1”), S235 

hef 50 mm, 70 mm 50 mm 

Concrete 

strength 

C20/25 and C50/60 C20/25 

Test type •  Constant amplitude fatigue tests with 

various maximum loads and constant min-

imum loads for aims 1) to 3) 

•  Non-constant amplitude fatigue tests 

with different maximum loads and con-

stant minimum load for aim 3). 

•  Static reference tests 

•  Constant amplitude fatigue tests with dif-

ferent maximum loads and constant (com-

pressive) minimum load 

•  Static reference tests 
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The test parameters (headed stud diameter, embedment depth) were selected such to ensure concrete 

cone failure in each tested scenario.  

The pulsating tension tests incorporate the following objectives (see the left side of Table 5.10): 

1) Investigation of the influence of different embedment depths on the fatigue performance of 

fasteners in case of concrete cone failure: The fatigue tests were executed as constant am-

plitude fatigue tests using different maximum loads levels (Fmax). The minimum load was 

10 % of the static concrete cone capacity in each test (Fmin/Fu = 0,1). The test series was 

carried out with hef = 50 mm and hef = 70 mm embedment depths in the same concrete batch. 

The comparison of the test results as well as extended with the data set available for other 

embedment depths in the literature should show whether the size effect must be accounted 

for in the fatigue design of fasteners in case of concrete cone failure. Furthermore, it is 

aimed to generate failure points beyond 4·106 for concrete failure, which may help for a 

more precise evaluation of the number of cycles at failure in the entire loading range.  

2) Direct comparison of the influence of higher concrete strengths on the fatigue performance 

of fasteners in case of concrete cone failure: Fatigue tests were carried out using the same 

anchor system (headed stud) in normal-strength C20/25 and in high-strength C50/60 con-

crete. Although the significant difference in terms of the fatigue life is not expected based 

on the conclusions of literature data, the tests should show whether the higher concrete 

strength should be accounted for in the fatigue design of fasteners in case of concrete cone 

failure.   

3) Capture the influence of the non-constant load amplitude on the fatigue life of fasteners and 

verification of the linear damage accumulation: Programme loading tests were carried out, 

i.e. given number of load cycles were applied on different load levels. The different pro-

gramme loading scenarios include stepwise increasing, stepwise decreasing and decreasing-

increasing loading steps.   

 

The alternating tension-compression tests were carried out with the following aim (see right side of 

Table 5.10): 

1) Investigation of the fatigue behaviour of concrete cone failure if the minimum load applied is in 

compression: The fatigue tests were carried out as constant amplitude tests with different max-

imum (tensile) loads, and the minimum (compressive) load was kept constant. to show to which 

extent the compressive minimum load has a negative influence on the concrete cone failure of 

fasteners under fatigue loading. The tests were carried out on cast-in headed studs with 

hef = 50 mm. The results of the pulsating tension tests with hef  = 50 mm (see above) will be 

taken as reference when evaluating the results of alternating tension-compression tests. 
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After the behaviour is known under pulsating tension and under alternating tension-compression, the 

aim is to generate a design model that describes the S-N relation for different maximum and minimum 

(tensile and compressive) loads.  Furthermore, it is pursued to evaluate the newly obtained results and 

existing results based on EN1993 as well as according to the new evaluation method proposed. The new 

results extended with the available literature data will be compared to the Wöhler-curve proposed in fib 

MC2010 and the main target is to propose a harmonised concrete Wöhler-curve which can be used in 

case of concrete cone breakout failure.    

 

To each fatigue test series, static reference pull-out tests were carried out in order to calculate the average 

ultimate load (Nu,m). Note that static tension tests were carried out at different concrete age for the eval-

uation of the actual applied load. 

The applied maximum load (Fmax) was defined as a percentage value of the monotonic concrete cone 

capacity (Nu,m). Since zero minimum load could not be applied because of the load-controlled testing 

apparatus, the minimum load (Fmin) was set to 10% of Nu,m in all fatigue tests. 

5.3.2 Details of tests  

5.3.2.1 Tested headed studs 

In the engineering practice commonly used S235 J2 +C450 EN ISO 13918 headed studs with a nominal 

diameter of 25,40 mm (1”) were used. The headed studs were manufactured by NELSON. Normally, 

the headed studs are welded to anchor plates. In this case, the tension load was introduced into the bolts 

via M27 threads, which were cold-rolled into to upper 4 cm of the headed studs. 

 

Figure 5.23 Tested Ø25 (1”) NELSON headed studs 
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5.3.2.2 Pulsating tension tests – testing concept, test program, test setup, test specimens 

The executed pulsating tension tests are summarised in Table 5.11 and Table 5.12. The performed pul-

sating tension tests contained in Table 5.11 address the question of size effect (different embedment 

depth) and it also addresses the influence of increased concrete strength. The step tests were intentionally 

planned using 80-75-70 % maximum load, five fatigue tests at each load level. Based on the availability 

in the tests specimens, the test program was extended with 85 % maximum load tests and the final test 

program with all executed tests is shown in Table 5.11 containing 47 fatigue tests and 13 static loadings 

tests.  

Table 5.11 Test program for pulsating tension I. –the influence of embedment depth and con-

crete strength 

Concrete 
Embedment 

depth hef 
Test type Fmax / Nu,m Fmin / Nu,m Number of 

tests 
Comment 

 [mm]  [%] [%] 

C20/253 50 

static - - 6 

IWB1 

dynamic 85 10 5 

dynamic 80 10 5 

dynamic 75 10 5 

dynamic 70 10 4 

C20/253 70 

static - - 3 

MPA2 

dynamic 80 10 5 

dynamic 75 10 5 

dynamic 70 10 2 

C50/604 50 

static - - 4 

MPA2 

dynamic 80 10 5 

dynamic 75 10 5 

dynamic 70 10 6 

1 Test series were carried out in the Testing Laboratory of the Institute of Construction Materials (IWB) – University of Stuttgart 
2 Test series were carried out at Material Testing Institute, Stuttgart (MPA) – University of Stuttgart 
3 Concrete batch No.1 (13F107/01-22/K031), cast date 15.04.2015 
4 Concrete batch No.2 (13F107/23-30/K031), cast date 22.04.2015 
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The test program presented in Table 5.12 captures the influence of non-constant load amplitude. Four 

different programme loading scenarios were tested: decreasing maximum-load, increasing maximum-

load, increasing and decreasing maximum load. According to the Miner´s Rule, it was checked finally, 

whether the sum of the total damage exceeds or falls beyond 1. 

The fatigue tests were carried out using different maximum loads, whereas the minimum load was 10 

% of the static concrete cone capacity (Nu,m). The test frequency during all tests was in the range of 5-8 

Hz. The pulsating tension fatigue tests were carried out in the Testing Laboratory of the Institute of 

Construction Materials of the University of Stuttgart and at the Material Testing Institute (MPA) of the 

University of Stuttgart. The tests were carried out using a servo-hydraulic testing cylinder (Figure 5.24) 

and unconfined test setup. 

 

Table 5.12 Test program for pulsating tension II. – Linear damage accumulation 

Concrete 
Embedment 

depth hef 
Test type Test schema Fmax / Nu,m Fmin / Nu,m 

Number 

of tests 

 [mm]   [%] [%]  

C20/251 50 static - - - 9 

C20/251 50 dynamic 

 

 a = 80  

b = 75 
10 4 

C20/251 50 dynamic 

 

 a = 80  

b = 75 
10 7 

C20/251 50 dynamic 

 

a = 80 

b = 75 
10 8 

1 Concrete batch No.3 (13F107/01-10/K047), cast date 26.02.2016 
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a)  b)  

Figure 5.24 Servo-hydraulic test cylinders used for the pulsating tension tests a) test setup at the 

MPA b) schematic drawing of the fixture used for introducing tension load into the headed-stud 

The concrete members for the pulsating tension tests were designed as concrete slabs without steel re-

inforcement. The distance between the neighbouring headed studs was selected such that the formation 

of the concrete cone did not influence the adjacent headed stud according to ETAG001 Annex A. A 

typical specimen with the headed stud layout used for the pulsating tension tests is shown in Figure 5.25. 

The concrete specimens were cast at the company Gebr. Kaltenbach GmbH & Co.KG according to the 

instructions of the author. The concrete mixture was designed according to DIN EN 206, and the com-

position of the different charges is given in  Table 5.13. The charge 1 (C20/25) was used for the pulsating 

tension tests with hef = 50 mm and hef  = 70 mm headed studs, the charge 2 (C50/60) was used for the 

pulsating tension tests with hef = 50 mm headed studs and the charge 3 (C20/25) was used for the vari-

able amplitude tests with hef = 50 mm headed studs.  

 

Figure 5.25 Non-reinforced concrete specimen used for pulsating tension tests 
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Table 5.13 Concrete composition (pulsating tension tests) 

Charge Concrete 

str. class 

Test Speci-

men ID 

Cem. 

type 

Cem. Aggregate Water w/c 

     0-2 2-8 8-16   

[-] [-] [-] [-] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [-] 

1 C20/25 

15.04.2015 

13F107/1-

22/K031 

CEM I, 

32,5R 
265 708 465 689 185 0,69 

2 C50/60 

22.04.2015 

13F107/23-

30/K031* 

CEM II, 

42,5R 
379 705 465 675 168 0,44 

3 C20/25 

26.02.2016/ 

13F107/01-

10/K047 

CEM I, 

32,5R 
265 708 465 689 185 0,69 

*superplasticizer 0,90 Cem. M % 

5.3.2.3 Alternating tension-compression tests – testing concept, test program, test setup, test 

specimens 

The tensile fatigue life of plain concrete reduces significantly when compressive load-reversals are ap-

plied. This finding is based on uniaxial tension-compression fatigue tests, which were carried out on 

plain concrete cylinders (see details in Section 3.6.3.1). The significant reduction in fatigue life due to 

compressive load-reversals can be explained by the incompatibility of the developing cracks under al-

ternating tension-compression loading.   

If we consider a fastener with in-place, pre-positioned and post-positioned installation technique, the 

element/fixture can exert pressure against the concrete due to the presence of clearance hole in the an-

chor plate or in the component being fastened. Such alternating tension-loading scenario in the fastening 

technology can be caused by operational loads of cranes, elevators etc.   

In the case of alternating loading, the tensile load is introduced into the fastener via threads, whereas the 

compression is transferred into the concrete via the anchor plate or via the component being attached. 

During the tensile phase of the cycling, a tensile crack develops which will be closed by surface com-

pression in the compressive phase (Figure 5.26). 
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Figure 5.26 Introduction of surface compression into concrete  

Since the concrete cone failure of fasteners is a concrete tensile failure, the detrimental effect of com-

pressive load-reversals on the fatigue life of fasteners in case of concrete cone failure was also expected. 

To confirm the effect of compressive minimum stress on the fatigue behavior of fasteners, tension-

compression tests were carried on Ø = 25 mm hef = 50 mm cast-in headed studs within the scope of this 

study. The tests were carried out as constant-amplitude tests with various maximum loads and with 

constant compressive minimum load. The results of the executed fatigue tests were compared to the 

results of pulsating tension tests. The executed pulsating tension tests are summarised in Table 5.14. It 

was assumed that the equally distributed surface compression spreads out under 45° in the unreinforced 

concrete and the calculated compressive stress at hef depth reads:    

Ϭ𝑐,𝑧 (ℎ𝑒𝑓) =
𝐹

(𝑎 + 2ℎ𝑒𝑓)
2
 Equation 5.16 

If 10% of the concrete compressive strength is intended to achieve at hef  depth, the required compressive 

force over the fixture to apply is calculated as follows (using square loading fixture with equal a side 

length): 

 𝐹𝑚𝑖𝑛,10% = 0,1 𝑓𝑐  (𝑎 + 2ℎ𝑒𝑓)
2 

Where: 

fc compressive strength of concrete, determined on 150mm cubes from the same concrete batch 

a width of the loading fixture (square) 

hef effective embedment depth 
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Table 5.14 Test program for alternating tension-compression  

Concrete 
Embedment 

depth hef 
Test type Fmax / Nu,m Ϭmin

1 / fc 
Number of 

tests 

Comment 

 [mm]  [%] [%]   

C20/253 50 

static - - 9 

MPA2 

dynamic 85 10 5 

dynamic 80 10 5 

dynamic 75 10 5 

dynamic 70 10 7 

dynamic 65 10 2 

dynamic 60 10 5 

dynamic 55 10 1 

1 the applied compression relates to the compressive strength of the concrete, and it was targeted to reach x % of the compressive 

strength at hef depth (vertical stress in the concrete, stress spreads out under 45° in the non-cracked concrete) 
2 Test series were carried out at Materialprüfungsanstalt Stuttgart (MPA) – University of Stuttgart 
3 Concrete batch No.4 (13F107/01-10/K055), cast date 19.05.2016 

 

As an exemplary calculation, by inserting fc=30 N/mm2, hef=50 mm embedment depth, and 150x150 

mm (a = 150mm) sized quadratic anchor plate, the following compressive load can be calculated. This 

would also be the load (Fmin), which is to be set on the load actuator to achieve 10 % of the concrete 

compressive strength on the crack surface during load reversal. 

𝐹10% = 0,1 𝑓𝑐  (𝑎 + 2ℎ𝑒𝑓)
2 = 0,1 ∗ 30 ∗ (150 + 2 ∗ 50)2 = 187,5 𝑘𝑁 Equation 5.17 

The alternating tension-compression tests were carried out as constant amplitude fatigue tests, whereby 

different maximum loads were applied in the different tests (Fmax). The minimum load was a compres-

sive load (Fmin). It was targeted to achieve 10% of the concrete compressive strength at hef.  The maxi-

mum load was determined as a percentage of the static concrete cone capacity. Based on the previously 

presented approach for the calculation of the compressive stress, the compressive minimum load (Fmin) 

was set in a way, that it corresponded to 10% of the concrete compressive strength at the embedment 

depth.  

The fatigue tests were carried out using a Schenck servo-controlled hydraulic testing cylinder, which 

was built in a rigid steel frame with a clamping table Figure 5.27. The capacity of the actuator and the 
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range of the built-in load cell was 400 kN for both compression and tension. The reaction loads of the 

applied tension loads on the fastener were transferred into the rigid testing table via the bracing of the 

concrete specimen. For the centric load application, a special rigid loading fixture was designed which 

allowed the equal stress distribution under compression as well as the centric tensile loads. 

 

Figure 5.27 Test equipment used for the alternating tension-compression tests 

The loading fixture consisted of a 40 mm thick 150·150 mm base plate, two rigid 150·250·30 mm side 

elements and a 40 mm steel top plate. The fixture was welded together. A spherical calotte was built in 

between the actuator and the fixture (upper calotte) to ensure the centric compression loading. In the 

actuator, a Ø 36 mm steel threaded rod was screwed in, which went through the upper calotte, the steel 

top plate and the middle calotte. To ensure the centricity of the tensile forces, two spherical calottes 

were built into the fixture. One of them was located below the anchor nut, one below the nut of the Ø 

36 threaded rod that is connected to the load actuator. Furthermore, two elastomer elements were put 

between the fixture and the bracing steel sections to prevent the rotation of the loading fixture during 

the load cycling. 
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Figure 5.28 Loading fixture used for tension-compression fatigue tests  

The tests were carried out at 4-6 Hz testing frequency, and during the tests, the load and the vertical 

displacement of the anchor were recorded continuously. The fatigue tests were launched according to 

the following procedure: As a first step, a minimum compression was applied to the specimen. This 

applied compression was kept constant in load-control until the nut below the middle spherical calotte 

was tightened. This process allowed the alignment of the loading fixture to provide equal distribution of 

the compressive stresses below the loading fixture. The tightening of the nut led to the prestressing of 

the two upper spherical calottes. This was required to eliminate the problems of the load-control when 

passing through zero load. The compression was reduced the middle load (Fmax+Fmin)/2, which was a 

negative load (compression) in each case. After hand-tightening the nut on the headed stud, the sinusoi-

dal cycling with the corresponding load amplitude was started at 1 Hz testing frequency, which was 

increased in 0,5 Hz steps up to approximately 4-6 Hz.  

For the tension-compression tests, a special concrete specimen was designed. The concrete specimens 

of size 240·52·40 cm3 were cast in rigid formworks. Concerning the dimensions of the testing machine 

and for practical reasons, four headed studs of Ø = 25 mm were cast in each concrete specimen. Two 

requirements must have met regarding the design of the concrete test member: (1) provide an unrein-

forced concrete area in the load-transfer area of the headed stud, (2) avoid excessive cracking and prem-

ature splitting due to high surface compression (Figure 5.29). The splitting failure of the specimen can 

occur due to two different mechanisms. The bending effect may cause tensile failure in the tension zone 

of the cross section if the specimen is not aligned perfectly on the clamping table. Furthermore, due to 

the high lateral forces caused by the high surface compression cracking of the cross-section may occur 

due to the high developing transversal forces. This lateral developing force was estimated using the 

strut-and-tie model.   
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a) b)  

 

Figure 5.29 Splitting of the specimen due to high surface compression a) beam effect b) lateral 

forces (strut-and-tie model)  

To avoid the premature cracking of the specimen due to the above-discussed fracture mechanisms, sup-

plementary reinforcing bars were assigned in the concrete members to take up the resulting high splitting 

forces and bending moments, which are resulting from the high surface compression. During the assign-

ment of the required longitudinal reinforcing bars and stirrups, the fatigue of the steel was also taken 

into account. The resulting reinforcement is shown in Figure 5.30. The concrete specimens were cast 

using one concrete batch, and the concrete composition is shown in Table 5.15. Note that there are no 

reinforcing bars in the area of the concrete cone fracture.  

 

Figure 5.30 Concrete specimen used for the alternating tension-compression tests 

Table 5.15 Concrete composition (alternating tension-compression tests) 

Batch Concrete 

str. class 

Test Speci-

men ID 

Cem. 

type 

Cem. Aggregate Water w/c 

     0-2 2-8 8-16   

[-] [-] [-] [-] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [-] 

4 C20/25 19.05.2016  
CEM I 

32,5 R 
265 708 465 689 185 0,7 

 

5.3.3 Pulsating tension tests  

5.3.3.1 Results of static tests and fatigue tests of the pulsating tension tests programs 

In this section, the results of the static and fatigue tests executed according to Table 5.11 and Table 5.12 

are presented. The concrete compressive strength was measured on a = 150 mm side length concrete 
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cubes according to DIN EN 12390. The concrete cone capacity was measured using static pull-out tests 

until failure. The compressive strength and the concrete cone capacity for the three different concrete 

charges used in the test programs Table 5.11 and Table 5.12 is shown in Figure 5.31 to Figure 5.33 as a 

function of the concrete age. During the evaluation of the fatigue tests, the actual concrete cone capaci-

ties were taken into account.  

a) b)  

Figure 5.31 a) Compressive strength and b) concrete cone capacity of hef=50 mm and hef= 70 mm 

at different concrete age in C20/25 (Charge No.1) 

a) b)  

Figure 5.32 a) Compressive strength and b) concrete cone capacity at different concrete age in 

C50/60 (Charge No.2) 
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a) b)  

Figure 5.33 a) Compressive strength and b) concrete cone capacity at different concrete age in 

C20/25 (Charge No.3) 

a) b)  

c)  d)  

Figure 5.34 Load-displacement curves of static pull-out tests a) in C20/25 Charge 1 with 

hef = 50 mm  b) in C20/25 Charge 1 with hef = 70 mm  c) in C50/60 Charge 2 with hef = 50 mm  d) 

in C20/25 Charge 3 with hef = 50 mm 
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The concrete cone capacity was calculated to the start of each fatigue test start. This allowed during the 

evaluation that the actual maximum load/ultimate load ratio could be determined, and the applied load 

could have been recalculated if it was necessary. Altogether 47 constant amplitude pulsating tension 

tests were carried out. Including the failure points and the aborted tests, the overall number of loading 

cycles of all pulsating tension tests exceeds 108. The results of the pulsating tension constant amplitude 

fatigue tests are shown in Figure 5.35. All failure points presented in Figure 5.35 are associated with 

full-size undisturbed concrete cone failure. Linear regression lines were generated for all tested scenar-

ios (excluding the aborted tests).  The regression lines were generated to express y = (Fmax/Nu) as a 

function of x = (log N). The derived equations were solved, and log N for the different test scenarios 

can be expressed by  Equation 5.18 to Equation 5.20. Based on the results, the maximum applied load 

at N = 2·106 is ca. 68-72 % of Nu. 

𝑙𝑜𝑔10𝑁 = 28,20 − 30,77 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Pulsating tension C20/25, hef = 50 mm, r = 0,95 Equation 5.18 

𝑙𝑜𝑔10𝑁 = 30,65 − 33,3 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Pulsating tension C20/25, hef = 70 mm, r = 0,87 Equation 5.19 

𝑙𝑜𝑔10𝑁 = 29,18 − 32,82 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Pulsating tension C50/60, hef = 50 mm, r = 0,91 Equation 5.20 

 

Figure 5.35 Results of the pulsating tension tests in case of concrete cone failure 

The vertical displacements (δ), as well as the relative displacement (δ / δstat,m) were also evaluated (where 

it was possible) and are shown in Figure 5.36 to Figure 5.38. The details of the test results are given in 

Table 5.16 to Table 5.18. The secondary creep rates were also evaluated and are shown in Figure 5.39 

in a double logarithmic scale (log εsec vs log N).  
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Figure 5.36 Displacement growth as a function of the relative load cycles N / Nfailure (Fatigue tests 

in C20/25, headed stud hef = 50 mm) 

 

Figure 5.37 Displacement growth as a function of the relative load cycles N / Nfailure (Fatigue tests 

in C20/25, headed stud hef = 70 mm) 

 

Figure 5.38 Displacement growth as a function of the relative load cycles N / Nfailure (Fatigue tests 

in C50/60, headed stud hef = 50 mm) 
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Figure 5.39 Secondary creep rate (log εsec) as a function of log N 

The secondary creep rate (εsec) is proportional to the number of cycles at failure. This finding agrees 

well with the literature data (Sparks (1973), Holmen (1979), Cornelissen (1984)). The secondary creep 

rates in Figure 5.39 were calculated at ca. 50% of Nfailure in each case. The smaller the secondary creep 

rate is, the higher the number of cycles at failure is expected. The secondary creep rates in the different 

tested scenarios are described by the regression lines according to Equation 5.21, Equation 5.22 and 

Equation 5.23. 

log𝑁 = −0,815 − 1,017 log 𝜀𝑠𝑒𝑐  Puls. tension C20/25, hef = 50 mm, r =0,996  Equation 5.21 

log𝑁 = −0,900 − 1,031 log 𝜀𝑠𝑒𝑐 Puls. tension C20/25, hef = 70 mm, r = 0,997 Equation 5.22 

log𝑁 = −0,376 − 0,887 log 𝜀𝑠𝑒𝑐 Puls. tension C50/60, hef = 50 mm, r = 0,988 Equation 5.23 

 

It can be observed that the secondary creep shows much less scatter. The correlation coefficients of both 

three data sets are around r = 0.99, which is an indicator for the good fitting, showing how many points 

fall on the determined regression line. The secondary creep rate reflects the material response more 

precisely because the applied stress level is implicitly taken into account. Based on the new results, the 

secondary creep could be used for a good predictor of the fatigue life of concrete cone in case of fasten-

ers. 
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Table 5.16 Test results (pulsating tension tests in C20/25 with hef=50 mm headed studs) 

 Test 

ID 
Fmax Fmin 

Concrete 

age 
Nu,calc Fmax/Nu,calc Nfailure 

Failure 

mode 
log εsec 

 [-] [kN] [kN] [days] [kN] [-] [-] [-] mm/cyc. 

C
2
0
/2

5
, 

h
ef
 =

 5
0

 m
m

 

1 38,2 4,4 539 44,88 0,85 56 CC - 

2 38,2 4,4 539 44,88 0,85 477 CC - 

3 38,2 4,4 539 44,88 0,85 1869 CC - 

4 38,2 4,4 539 44,88 0,85 120 CC -2,96 

5 38,2 4,4 539 44,88 0,85 14 CC -2,10 

6 30,7 3,8 68 38,49 0,80 4948 CC - 

7 30,7 3,8 75 38,79 0,79 4466 CC -4,09 

8 30,7 3,8 75 38,79 0,79 5124 CC -4,37 

9 30,7 3,8 75 38,79 0,79 7728 CC -4,62 

10 30,7 3,8 75 38,79 0,79 10650 CC -4,71 

11 28,8 3,8 76 38,83 0,74 391949 CC -6,25 

12 28,8 3,8 77 38,87 0,74 655145 CC -6,60 

13 28,8 3,8 78 38,91 0,74 140241 CC -5,84 

14 28,8 3,8 79 38,95 0,74 109033 CC -5,89 

15 28,8 3,8 106 39,86 0,72 4813302 CC -7,21 

16 26,8 3,8 68 38,49 0,70 2155756 Stop - 

17 26,8 3,8 82 39,06 0,69 8660905 CC -7,90 

18 26,8 3,8 155 41,03 0,65 9997002 CC -7,60 

19 26,8 3,8 191 41,68 0,64 12260000 Stopped - 

 Failure mode: CC-Concrete cone  

 

Table 5.17 Test results (pulsating tension tests in C20/25 with hef=70 mm headed studs) 

 Test 

ID 

Fmax Fmin Concrete 

age 

Nu,calc Fmax/Nu,calc Nfailure Failure log εsec 

 [-] [kN] [kN] [days] [kN] [-] [-] [-] mm/cyc. 

C
2

0
/2

5
, 

h
ef

 =
 7

0
 m

m
 

1 49,6 6,2 191 61,9 0,80 15712 CC -4,99 

2 49,6 6,2 191 61,9 0,80 10445 CC -4,79 

3 49,6 6,2 194 61,9 0,80 19732 CC -5,11 

4 49,6 6,2 194 61,9 0,80 2621 CC -4,14 

5 49,6 6,2 194 61,9 0,80 106941 CC -5,82 

6 46,4 6,2 191 61,9 0,75 324313 CC -6,30 

7 46,4 6,2 194 61,9 0,75 302306 CC -6,14 

8 46,4 6,2 201 62,0 0,75 256051 CC -6,07 

9 46,4 6,2 202 62,0 0,75 302333 CC -6,00 

10 46,4 6,2 203 62,0 0,75 491594 CC -6,41 

11 43,3 6,3 223 62,2 0,70 9960000 Stopped (-7,80)1 

12 43,3 6,3 275 62,6 0,69 5000000

0 

Stopped (-8,25)1 

 Failure mode: CC-Concrete cone 
1Sec.cyclic creep at the aborting  

 

rfd 
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Table 5.18 Test results (pulsating tension tests in C50/60 with hef=50 mm headed studs) 

 Test 

ID 

Fmax Fmin Concrete 

age 

Nu,calc Fmax/Nu,calc Nfailure Fail-

ure 

log εsec 

 
[-] [kN] [kN] [days] [kN] [-] [-] [-] mm/cyc. 

C
5
0

/6
0

, 
h

ef
 =

 5
0

 m
m

 

1 48,2 6,0 188 60,27 0,80 389 CC -3,36 

2 48,2 6,0 188 60,27 0,80 8496 CC -4,88 

3 48,2 6,0 188 60,27 0,80 878 CC -3,74 

4 48,2 6,0 188 60,27 0,80 598 CC -3,85 

5 48,2 6,0 188 60,27 0,80 2896 CC -3,95 

6 45,2 6,0 188 60,27 0,75 141137 CC -6,04 

7 45,2 6,0 189 60,27 0,75 115941 CC -6,03 

8 45,2 6,0 189 60,27 0,75 11335 CC -5,14 

9 45,2 6,0 189 60,27 0,75 13295 CC -5,30 

10 45,2 6,0 190 60,27 0,75 111317 CC -5,91 

11 42,2 6,0 191 60,28 0,70 1340290 CC -7,64 

12 42,2 6,0 197 60,30 0,70 97758 CC -6,22 

13 42,2 6,0 198 60,30 0,70 2683648 S - 

14 42,2 6,0 204 60,32 0,70 974807 CC -7,31 

15 42,2 6,0 208 60,33 0,70 687669 CC -6,82 

16 42,2 6,0 210 60,34 0,70 2918155 CC -7,46 

 Failure mode: CC-Concrete cone, S-Steel failure 

 

In addition to the evaluation of the secondary cyclic creep rate at around N/Nfailure = 0,5, it was checked, 

whether the boundary values of the three-phase damage process reported for plain concrete (0%-20%-

80%-100% of Nfailure) are valid for fasteners in case of concrete cone failure. 

Therefore, the secondary cyclic creep rates of all tests were evaluated at 20 %; 25 %, 50 %, 75% and 80 

% of Nfailure. The mean value of the secondary cyclic creep rate, calculated at 20-25-50-75-80%, was 

compared to the mean secondary cyclic creep rate at 25-50-75%. It is assumed that in case of no signif-

icant change in the calculated coefficient of variations, the three-phase process can also be defined by 

0-20/20-80/80-100 for fasteners in case of concrete cone failure. The comparison of the calculated sec-

ondary cyclic creep rates is shown in Table 5.19. The evaluation shows that the deviation between the 

mean secondary cyclic creep evaluated based on 20-25-50-75-80 % of Nfailure and the mean secondary 

cyclic creep evaluated using 25-50-75% is very small Δ = 1 % in most of the cases. The difference in 

the coefficient of variations is also less than 1 % in most of the cases. The highest deviation concerning 

the mean cyclic creep and the highest deviation concerning the CoV (Δ = 9,8 %) belongs to the test 

carried out at Fmax / Nu = 0,85 and Nfaliure = 14. Based on the evaluation, the conclusion can be drawn, 

that the secondary cyclic creep can be considered as nearly constant between 20 % and 80 % of the total 

number of cycles Nfailure. 
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Table 5.19 Evaluation of secondary cyclic creep of the tests in C20/25 and C50/60 concrete 

Fmax/Nu Nfailure 

log (δx-δx-Δ)/(Nx-Nx-Δ)  

Mean increase 
(20;25;50;75;80) 

CoV 
Mean in-

crease 

(25;50;75) 
CoV 

Δ      

Co-

lumn 

10 / 

Co-

lumn 

8 

Δ          

Co-

lumn 

11-

Co-

lumn 

9 

20% 25% 50% 75% 80% 

[-] [-] [mm/cycle] [mm/cycle]   [mm/cycle]   [-] [%] 

1 2 3 4 5 6 7 8 9 10 11 12 13 

0,85 120 -2,79 -2,90 -2,96 -2,94 -2,61 -2,84 5,09 -2,93 1,08 1,03 -4,01 

0,85 14 -1,42 -2,22 -2,10 -1,95 -1,80 -1,90 16,37 -2,09 6,62 1,10 -9,75 

0,79 4466 -4,27   -4,09 -4,44 -3,96 -4,19 5,00 -4,26 5,84 1,02 0,84 

0,79 5124 -4,52   -4,37 -4,25 -4,31 -4,36 2,69 -4,31 2,03 0,99 -0,66 

0,79 7728 -4,46   -4,62 -4,44 -4,52 -4,51 1,74 -4,53 2,73 1,00 0,99 

0,79 10650 -4,44 -4,64 -4,71 -4,52 -4,62 -4,58 2,29 -4,62 2,05 1,01 -0,24 

0,74 391949 -6,60 -6,31 -6,25 -6,29 -6,11 -6,31 2,82 -6,28 0,49 1,00 -2,33 

0,74 655145 -6,56 -6,60 -6,60 -6,27 -6,24 -6,45 2,82 -6,49 2,92 1,01 0,10 

0,74 140241 -5,82 -5,79 -5,84 -5,93 -5,67 -5,81 1,61 -5,85 1,19 1,01 -0,42 

0,74 109033 -5,60 -5,48 -5,89 -5,64 -5,69 -5,66 2,64 -5,67 3,62 1,00 0,98 

0,72 4813302 -7,53 -7,64 -7,21 -7,21 -6,88 -7,29 4,15 -7,35 3,37 1,01 -0,78 

0,69 8660905 -8,07 -7,98 -7,90 -8,07 -7,66 -7,94 2,15 -7,99 1,12 1,01 -1,03 

0,65 9997002 -8,14 -7,87 -7,60 -7,30 -7,09 -7,60 5,57 -7,59 3,77 1,00 -1,79 

0,80 15712 -5,01 -5,29 -4,99 -4,75 -4,70 -4,95 4,78 -5,01 5,40 1,01 0,61 

0,80 10445 -4,61 -4,74 -4,79 -4,60 -4,61 -4,67 1,86 -4,71 1,99 1,01 0,13 

0,80 19732 -4,77 -4,94 -5,11 -5,14 -5,03 -5,00 3,02 -5,06 2,11 1,01 -0,91 

0,80 2621 -4,06 -4,10 -4,14 -4,02 -3,98 -4,06 1,56 -4,09 1,55 1,01 -0,01 

0,80 106941 -5,59 -5,70 -5,82 -5,81 -5,74 -5,73 1,63 -5,78 1,19 1,01 -0,44 

0,75 324313 -6,04 -6,13 -6,30 -6,01 -6,07 -6,11 1,90 -6,15 2,38 1,01 0,48 

0,75 302306 -6,14 -6,20 -6,14 -6,06 -5,98 -6,10 1,41 -6,13 1,11 1,00 -0,29 

0,75 256051 -6,13 -6,22 -6,07 -6,12 -6,08 -6,12 0,98 -6,14 1,28 1,00 0,30 

0,75 302333 -6,08 -6,08 -6,00 -6,28 -6,13 -6,11 1,68 -6,12 2,34 1,00 0,66 

0,75 491594 -6,15 -6,06 -6,41 -6,12 -6,03 -6,15 2,47 -6,20 3,04 1,01 0,57 

0,80 389 -3,49 -3,55 -3,36 -3,14 -3,04 -3,32 6,72 -3,35 6,15 1,01 -0,56 

0,80 8496 -5,18 -5,18 -4,88 -4,88 -4,88 -5,00 3,30 -4,98 3,49 1,00 0,19 

0,80 878 -4,70 -4,00 -3,74 -3,80 -3,85 -4,02 9,75 -3,85 3,52 0,96 -6,23 

0,80 598 -3,80 -3,80 -3,85 -3,70 -3,66 -3,76 2,12 -3,78 2,07 1,01 -0,06 

0,80 2896 -3,82 -3,92 -3,95 -4,40 -4,18 -4,05 5,75 -4,09 6,53 1,01 0,78 

0,75 141137 -6,23 -6,16 -6,04 -5,87 -5,91 -6,04 2,55 -6,02 2,41 1,00 -0,15 

0,75 115941 -5,81 -5,75 -6,03 -6,07 -6,03 -5,94 2,44 -5,95 2,89 1,00 0,45 

0,75 11335 -5,05 -5,14 -5,14 -4,80 -4,79 -4,98 3,55 -5,03 3,90 1,01 0,36 

0,75 13295 -5,51 -5,07 -5,30 -5,05 -4,87 -5,16 4,82 -5,14 2,69 1,00 -2,13 

0,75 111317 -5,95 -6,01 -5,91 -5,90 -5,90 -5,93 0,79 -5,94 1,00 1,00 0,21 

0,70 1340290 -7,60 -7,28 -7,64 -7,15 -7,11 -7,36 3,42 -7,36 3,49 1,00 0,07 

0,70 97758 -6,07 -6,17 -6,22 -5,91 -5,95 -6,06 2,23 -6,10 2,75 1,01 0,52 

0,70 974807 -7,04 -6,94 -7,32 -7,26 -7,08 -7,13 2,19 -7,17 2,82 1,01 0,63 

0,70 687669 -6,71 -6,70 -6,82 -6,70 -6,68 -6,72 0,82 -6,74 0,99 1,00 0,17 

0,70 2918155 -7,10 -7,46 -7,46 -7,26 -7,26 -7,31 2,11 -7,39 1,53 1,01 -0,58 

Mean Δ 1,01 0,61 
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For further statements and proposals for anchor prequalification, it is important to evaluate the relative 

displacement increase (δ / δu,stat) as a function of the relative number of load cycles (N / Nfailure) in the 

executed tests. By dividing the absolute measured displacements (δ) shown in Figure 5.36 to Figure 5.38 

by the corresponding static mean displacement of the reference test (δstat,m), it can be evaluated under 

which relative displacements the concrete cone failure is expected under pulsating tension fatigue load-

ing. The mean ultimate displacements of the tested headed studs under monotonic loading are δu,m,C20/25, 

50 mm = 0,33 mm; δu,m,C20/25, 70 mm = 0,62 mm and δu,m,C50/60, 50 mm = 0,24 mm  (compare Figure 5.34). The 

relative displacement increase as a function of N / Nfailure is shown in Figure 5.40 to Figure 5.42. The 

results show that the relative ultimate displacement can be twice as high as the static ultimate displace-

ment. 

 

Figure 5.40 Relative displacement growth (δ / δu,stat) as a function of the relative load cycles N / 

Nfailure (Fatigue tests in C20/25, headed stud hef = 50 mm) 

 

Figure 5.41 Displacement growth as a function of the relative load cycles N / Nfailure (Fatigue tests 

in C20/25, headed stud hef = 70 mm) 
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Figure 5.42 Displacement growth as a function of the relative load cycles N / Nfailure (Fatigue tests 

in C50/60, headed stud hef = 50 mm) 

By evaluating the above relative displacements for the different load levels and concrete strengths, the 

tests show that headed studs sustain higher ultimate displacements at fatigue failure at lower applied 

loads. The evaluation of the ultimate fatigue displacements is shown in Figure 5.43. However, the high 

scatter of the ultimate displacements at fatigue failure must be noted. The high scatter may be explained 

by the fact, that the available latest measured displacements during the tests are not always associated 

with the last loading cycles. In most tests, not the entire load-displacement history was recorded, but 

only every 25th, 50th ,100th etc. loading cycles. Note that the recording frequency was determined prior 

to the test taking into account the expected “duration” of the test. Sometimes the last measured (upper) 

displacements are not available from the last cycles.  Figure 5.43 shows that case if the ultimate dis-

placements are evaluated either at 100 % of Nfailure or the using “latest” recorded displacement values, 

close to N / Nfaliure ≈ 1,0.    

 

Figure 5.43 Relative ultimate displacements of Ø25 headed studs at fatigue failure in C20/25 and 

in C50/60 at different Fmax/Nu 
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5.3.3.2 Results of non-constant amplitude pulsating tension tests 

The non-constant amplitude fatigue tests were carried out according to Table 5.12 using different block 

loading scenarios. The non-constant amplitude fatigue tests were carried out under the same conditions 

as the constant amplitude fatigue tests (Ø25 headed stud, hef = 50 mm). To check the linear damage 

accumulation using the Miner´s Rule, the determined Wöhler-curve for hef = 50 mm was used for the 

evaluation (Equation 5.18). Altogether 19 programme loading tests were carried out. 

To avoid extreme testing times, it was decided to use relatively high upper load levels during the pro-

gramme loading tests. The maximum loads - with which different programme loading scenarios were 

made according to Table 5.12 - were 80% and 75% (Fmax/Nu). It is to note that such high maximum loads 

will most probably never be applied on fasteners and there is a certain risk of premature failure yet 

during the first loading block. Therefore, the following evaluation concept was used during the evalua-

tion. 

1. All tests were carried out as per planned according to Table 5.12.  

2. If premature concrete cone failure occurs during the first loading block, where there is inherently 

no failure supposed to occur, the results will be considered as additional pulsating test results 

and will be added to the C20/25 hef=50 mm constant-amplitude pulsating tension database. By 

taking into account those results, the database presented in Figure 5.35 for C20/25 hef=50 will 

be extended, and if necessary, a new regression line will be determined. 

3. Using the new database and the therefrom derived new regression line, the evaluation of the 

Miner´s Rule can be repeated. 

The results of the executed non-constant amplitude fatigue tests and the calculated Miner´s sums are 

summarised in Table 5.20, where the evaluation of the damage sum is made based on the S-N relation 

described by the Equation 5.18 for constant-amplitude pulsating tension. 

Premature fatigue failure was observed during the first loading block in tests 3, 6, 7, 8. As it was men-

tioned before, such high maximum loads (75%, 80% of Nu) will never be applied on anchors, with which 

the programme loading tests were executed. As it was previously explained, the main reason for testing 

at such high load levels was to avoid extremely long testing times. It can be generally said that the 

fatigue tests are carried at relatively high load levels – which are generally higher than the later operation 

loads - to get the response of the fatigue behaviour in the experimentally possible cyclic range. In the 

end, the loads under which the tests are carried out are never applied. Obviously, by testing at such high 

load levels, the premature failure may occur, which, if that is the case, may not be representative in the 

evaluation. Therefore, it was decided to neglect the results of tests 3, 6, 7, 8 in the evaluation of the 

Minor sums. 
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Table 5.20  Miner sums of the non-constant amplitude tests in C20/25 with hef=50 mm headed 

studs, evaluation based on S-N curve 

 Appl. loading block 1 Appl. loading block 2 Appl. loading block 3 Nfailure 
Miner´s 

sum 

Mean 

value 

ID Fmax/

Nu 
N1 

applied 

n1 
Fmax/Nu N2 

applied 

n2 
Fmax/Nu log N1 log n1  M=∑

𝒏𝒊

𝑵𝟏

𝒊
𝟏  �̅� 

 [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-]  

1 0,75 132.586 82.600 0,8 3.837 - - - - 11.300 3,57 

5,69 

2 0,75 132.586 82.600 0,8 3.837 - - - - 25.563 7,29 

3 0,75 132.586 82.600 0,8 3.837 - - - - 9.1281) (0,07) 

4 0,75 132.586 82.600 0,8 3.837 - - - - 11.729 3,68 

5 0,75 132.586 82.600 0,8 3.837 - - - - 29.223 8,24 

6 0,75 132.586 82.600 0,8 3.837 - - - - 68.6321) (0,52) 

7 0,75 132.586 82.600 0,8 3.837 - - - - 64.8031) (0,49) 

8 0,8 3837 3.110 0,75 132.586 - - - - 4521) (0,12) 

3,35 

9 0,8 3837 3.110 0,75 132.586 - - - - 3789 0,84 

10 0,8 3837 3.110 0,75 132.586 - - - - 505.0062) 4,62 

11 0,8 3837 3.110 0,75 132.586 - - - - 483.000 4,45 

12 0,8 3837 3.110 0,75 132.586 - - - - 357.015 3,50 

13 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586 - 229.010 2,75 

3,99 

14 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  531.0022) 5,03 

15 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  19.056 1,17 

16 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  216.7323) 2,66 

17 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  541.0002) 5,11 

18 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  242.2173) 2,85 

19 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  970.0002) 8,34 

1)Failure during the first loading block 
2)Stopped 
3)Steel failure 

 

The executed programme loading tests generally show that the sum of the total damage exceeds 1. In 

the increasing loading scenario, the mean sum of total damage is 𝑀 = 5,69 (Test 1-7, Table 5.20. How-

ever, in the decreasing loading scenario, the sum of total damage is 𝑀 = 3,35. Note that in this case, the 

minimum M was 0,84 (see Test 10). The observed trend generally agrees well with the findings reported 

in most of the literature data for concrete.  

The concept of the tests in the increasing-decreasing loading scenario was made such to reach approxi-

mately M = n1/N1 + n2/N2 = 1 during the first and second successive loading blocks. All tests survived 

until the beginning of the third loading block and therefore the total damage well exceeded 1 in all tested 

cases. During the programme loading tests, the anchor displacements were recorded continuously. The 

displacement data is presented in Figure 5.44 to Figure 5.47. Unfortunately, the displacement data was 

not available for tests 3, 8, 9, 10, 11, 12, 15. The measured displacement data during the non-constant 

amplitude pulsating tension tests were later used for the evaluation of the Miner´s sums upon the 

secondary creep rates evaluated for the successive loading blocks. Where the displacement curve 
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exceeds the vertical dashed line,which represents M = 1, the Miner´s sum is above 1, and so the Miner´s 

hypothesis is basically confirmed. 

 

Figure 5.44 Displacement (δ) as a function of  n / N (non-constant amplitude fatigue tests in 

C20/25, headed stud hef = 50 mm), Loading block 1: 75%, Loading block 2: 80 % until failure 

 

Figure 5.45 Displacement (δ) as a function of  n / N (non-constant amplitude fatigue tests in 

C20/25, headed stud hef = 50 mm) Loading block 1: 75%, Loading block 2: 80 % until failure 

until failure 
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Figure 5.46 Displacement (δ) as a function of  n / N (non-constant amplitude fatigue tests in 

C20/25, headed stud hef = 50 mm) Loading block 1: 75%, Loading block 2: 80 %, Loading block 

3: 75 % until failure 

 

Figure 5.47 Displacement (δ) as a function of  n / N (non-constant amplitude fatigue tests in 

C20/25, headed stud hef = 50 mm) Loading block 1: 75%, Loading block 2: 80 %, Loading block 

3: 75 % until failure 
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The above graphs clearly show the sudden change of the displacement as a result of the increase or 

decrease of the applied maximum load. The results are summarised in Table 5.22. In each successive 

loading block, the expected number of cycles at failure was calculated using Equation 5.21 by inserting 

the secondary creep rate. The secondary creep in the loading blocks was read-off at ca. 20% of the 

predicted number of cycles at failure.   

Table 5.21 Miner sums of non-constant amplitude tests in C20/25 with hef=50 mm headed studs), 

evaluation based on secondary creep rate 

 Appl. loading block 1 Appl. loading block 2 Appl. loading block 3 Nfailure 
Miner´s 

sum 

Mean 

value 

ID Fmax/

Nu 
N1 

applied 

n1 
Fmax/Nu N2 

applied 

n2 
Fmax/Nu log N1 log n1  M=∑

𝒏𝒊

𝑵𝟏

𝒊
𝟏  �̅� 

 [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-]  

1 0,75 132.586 82.600 0,8 3.837 - - - - 11.300 1,04 

1,14 

2 0,75 132.586 82.600 0,8 3.837 - - - - 25.563 1,09 

3 0,75 132.586 82.600 0,8 3.837 - - - - 9.1281) -4) 

4 0,75 132.586 82.600 0,8 3.837 - - - - 11.729 1,20 

5 0,75 132.586 82.600 0,8 3.837 - - - - 29.223 1,23 

6 0,75 132.586 82.600 0,8 3.837 - - - - 68.6321) -4) 

7 0,75 132.586 82.600 0,8 3.837 - - - - 64.8031) -4) 

8 0,8 3837 3.110 0,75 132.586 - - - - 4521) -4) 

- 

9 0,8 3837 3.110 0,75 132.586 - - - - 3789 -4) 

10 0,8 3837 3.110 0,75 132.586 - - - - 505.0062) -4) 

11 0,8 3837 3.110 0,75 132.586 - - - - 483.000 -4) 

12 0,8 3837 3.110 0,75 132.586 - - - - 357.015 -4) 

13 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586 - 229.010 1,17 

1,17 

(0,90) 

14 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  531.0022) 1,20 

15 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  19.056 -4) 

16 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  216.7323) -4) 

17 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  541.0002) 0,28 

18 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  242.2173) 0,70 

19 0,75 132.586 50.000 0,80 3.837 2.490 0,75 132.586  970.0002) 1,16 

1)Failure during the first loading block 
2)Stopped 
3)Steel failure 
4)Displacement measurement data is not available 

 

 

It can be seen in Table 5.21 that the Miner´s sums generally exceed M = 1 if the evaluation is performed 

based on the secondary creep. The Miner sums are remarkably closer to 1 when the secondary creep 

rates are used in the evaluation, which is in a good agreement with the conclusions drawn for plain 

concrete by Cornelissen (1984).  This is explained by the fact that the effect of the damage caused by 

the predecessor loading block is well-captured by the actual displacements. Note that the Miner sums of 

the tests 17 and 18 may not be representative in the evaluation, because those tests – among others –

were aborted prior to failure.  
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The tests ended up by premature failure during the first loading block (see Tests 3, 6, 7, 8 in Table 5.20 

and Table 5.21) were added to the database for pulsating tension tests in C20/25 with hef = 50 mm. The 

total number of the executed pulsating tension tests is therefore, 51 tests. The database extended with 

those tests is shown in Figure 5.48. The linear regression for the extended C20/25 hef = 50 mm data set 

was made, and the new linear regression line is expressed by Equation 5.24. The newly added failure 

points did not change the slope of the previously generated regression line significantly. The deviation 

between the newly generated Wöhler-curve (Equation 5.24) and the previously determined Wöhler-

Curve at N = 2·106 is 0,2 %. The correlation coefficient (r =0.94) still shows a very good fit of the 

regression line.  The extended database for headed stud (hef=50 mm,  C20/25) shows that there is no 

need for the re-evaluation of the programme loading tests based on the “reference” S-N curve. 

 

Figure 5.48 Fatigue behaviour of Ø25 cast-in headed studs under pulsating tension in case of 

concrete cone failure, Fmin=0,1·Nu, all results (additional results from damage accumulation tests) 

𝑙𝑜𝑔10𝑁 = 28,67 − 31,55 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Pulsating tension C20/25, hef = 50 mm, r=0,94 Equation 5.24 

The secondary creep rates of tests 3,6,7,8 in Table 5.20 and Table 5.21 were also added up to the existing 

database for C20/25 hef=50 mm, and the linear regression line was repeatedly done. The total number of 

the executed pulsating tension tests is therefore, 51 tests. The secondary creep rates of all performed 

pulsating tension tests are shown in Figure 5.50, and the newly determined secondary creep versus log 

N relation with the extended data is described by Equation 5.25. The calculated deviation of in log N 

obtained from Equation 5.21 and Equation 5.25 is 1% at log εsec=10-6. Therefore, no re-evaluation of the 

Miner´s sums contained in Table 5.21 is necessary. 

Fmin = 0,1∙Nu 
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Figure 5.49 Secondary creep rate (log εsec) as a function of log N 

𝑙𝑜𝑔10𝑁 = −0,913 − 1,023 log 𝜀𝑠𝑒𝑐 Puls. tension C20/25, hef = 50 mm, r=0,99 Equation 5.25 

5.3.3.3 Summary of the constant and non-constant amplitude pulsating tension tests 

The constant amplitude pulsating tension tests series were carried out to experimentally investigate the 

influence of embedment depth and concrete strength on the fatigue life on fasteners in case of concrete 

cone failure. The non-constant amplitude pulsating tension tests were carried out the determine the 

Miner sums in different programme loading scenarios. Based on the experimental investigations, the 

following conclusions were made: 

• The executed fatigue tests show no significant change regarding the slope of Wöhler-curve 

when comparing the tests with hef = 50 mm and hef = 70 mm. The Wöhler-curves shown in Fig-

ure 5.35 are results of linear regressions and can be considered as “mean” Wöhler-curves. By 

comparing the Wöhler-curves derived for hef = 50 mm (Equation 5.18) and for hef = 70 mm 

(Equation 5.19), the same slope was established, and therefore the Wöhler-curves are almost 

parallel to each other. Although the Wöhler-curve for hef = 70 mm is slightly above the one 

established for hef = 50 mm, the deviation in the fatigue strength is less than 0,5 %. The newly 

obtained results will be extended with literature data for further evaluation of the effect of in-

creased embedment depth (see Section 5.4.3).  

• The Wöhler-curve established using linear regression for high strength C50/60 concrete is 

slightly below the Wöhler-curve determined for C20/25. The deviation in the fatigue strength is 
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ca. 5 %. This basically confirms the negative effect of the increased concrete strength on con-

crete fatigue. This slight, but the verified effect should be incorporated in the fatigue design of 

fasteners in case of concrete breakout failure. 

• The evaluation of the displacement data was made. The data generally confirms the three-phase 

damage process of concrete.  The displacement follows the same path regardless of the maxi-

mum applied load and regardless of the number of the cycles at failure. The damage process of 

the concrete furthermore confirms the assumption about the non-existing concrete fatigue 

threshold. As long as a steady displacement increase can be seen and hysteresis is observed, the 

concrete fatigue cannot be ruled out.  

• The secondary cyclic creep rate is proportional to the number of cycles at fatigue failure. The 

secondary cyclic creep rates were calculated at 20%; 25%; 50%, 75% and 80 % of the Nfailure to 

evaluate the boundary values of the constant secondary cyclic creep. The evaluation shown in 

Table 5.19 shows that the secondary cyclic creep rate can be assumed constant between 20% to 

80% of Nfailure.    

• The results indicate that the concrete may sustain higher ultimate displacements at fatigue if the 

fatigue is induced by smaller applied loads (see Figure 5.43). It the fatigue failure is induced 

with Smax =0,7 or less, the concrete should sustain at least 1,5 times the displacement obtained 

from monotonic loading. However, the big scatter must be noted.   

• The Miner´s sums of the programme loading tests were evaluated once based on the S-N relation 

as well as based on the secondary creep rates. The results proved the approach of using M < 1 

to be generally safe. 

In the following sections, the new experimental test data will be evaluated according to the new evalu-

ation method detailed in Section 5.2 with the following aims: 

• To generate further Wöhler-curves with various tensile and compressive minimum loads  

• To generate the characteristic Wöhler-curves according to the new evaluation method 

• To develop a design concept that describes the Wöhler-curves for given maximum and mini-

mum loads and that accounts for different influencing factors (embedment depth, concrete 

strength, etc.)  

• To cover the load cycle range up to 1024 under the assumption of non-existing concrete fatigue 

threshold 
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5.3.4 Alternating tension-compression tests 

5.3.4.1 Results of static tests and fatigue tests 

In this section, the results of the static and fatigue tests executed according to Table 5.14 are presented. 

The fatigue tests were carried out at a concrete age from 33 to 59 days. During the evaluation, the actual 

maximum load/ultimate load ratio and compressive stress/compressive strength were calculated using 

the formulas given in Figure 5.50. The results of the fatigue tests are shown in  Figure 5.52. Altogether 

30 alternating tension-compression fatigue tests were carried out. Except for the aborted tests marked 

with unfilled symbols, all points contained in Figure 5.52 correspond to concrete cone failure in the 

tensile loading phase. The linear regression is described by Equation 5.26. The determined Wöhler-

curve describes the fatigue failure of anchorages in case of concrete cone failure. The applied minimum 

load corresponded to 10% of fc calculated at hef depth. The tests show a significantly higher scatter than 

the results under pulsating tension (r = 0,70; R2 = 0,49). According to the mean Wöhler-curve, the max-

imum load at N = 2·106 is 61 % of Nu, which is remarkably less than that during pure pulsating tension 

loading. 

a)  

b)  

Figure 5.50 a) Compressive strength and b) concrete cone capacity at different concrete age in 

C20/25 (Charge No.4) 
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Figure 5.51 Load-displacement curves of static pull-out tests in C20/25 Charge 4 with 

hef = 50 mm  

 
 

Figure 5.52 Fatigue behaviour of headed studs under alternating tension-compression, compres-

sion corresponds to 0,1⸱fcm,cube at hef depth 

𝑙𝑜𝑔10𝑁 = 17,20 − 18,01 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Tension-compr. C20/25, hef = 50 mm, r=0,70 Equation 5.26 

The anchor displacements during the fatigue tests were continuously recorded, and the displacement 

data during the fatigue tests are shown in Figure 5.53. Note that some displacement measurements were 

not usable for technical reasons.  

σmin = 0,1∙fcm 
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Figure 5.53 Displacement growth (δmax) as a function of the relative load cycles N / Nfailure (Fa-

tigue tests in C20/25, headed stud hef = 50 mm) 

The observed path of the (maximum) displacement displays the three-phase damage process, and it was 

found that the secondary creep may be considered constant in the range of 20 % and 80 % of Nfailure. 

After the evaluation of the displacement data, the secondary cyclic creep was determined at ca. 50 % of 

Nfailure. The logarithm of the secondary cyclic creep (εsec) is shown as a function of log N in  Figure 5.54. 

The log N can be expressed by Equation 5.27. The results of the alternating tension-compression tests 

are summarised in Table 5.22. 

 
Figure 5.54 Secondary creep rate (εsec) as a function of log N (alternating tension-compression 

tests, C20/25, hef = 50 mm, a = 150 mm) 

𝑙𝑜𝑔10𝑁 = −0,721 − 0,922 log 𝜀𝑠𝑒𝑐 Tension-comp. C20/25, hef = 50 mm, r=0,93 Equation 5.27 
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Table 5.22 Test results (alternating tension-compression tests in C20/25 with hef=50 mm headed 

studs) 

 Test 

ID 

Fmax Fmin Concrete 

age  

Nu,calc Fmax/ 

Nu,calc
1) 

σc (hef)2) 

/ fcm,calc
3) 

N Failure 

mode 

log εsec 

 [-] [kN] [kN] [days] [kN] [-] [-] [-] [-] [mm/cyc] 

C
2
0
/2

5
, 

h
ef
 =

 5
0
 m

m
 

1 26,0 -206 40 30,7 0,85 0,11 102 CC - 

2 26,0 -206 40 30,7 0,85 0,11 757 CC -2,689 

3 26,0 -206 40 30,7 0,85 0,11 322 CC -2,030 

4 26,0 -206 41 30,9 0,84 0,11 4.491 CC -3,100 

5 26,0 -214 41 30,9 0,84 0,11 910 CC -2,724 

6 23,6 -194 33 28,9 0,82 0,11 2.257 CC - 

7 23,6 -194 33 28,9 0,82 0,11 4.515 CC -3,674 

8 23,6 -194 35 29,5 0,80 0,11 2.989 CC -3,262 

9 23,6 -194 35 29,5 0,80 0,11 25.370 CC -3,235 

10 23,6 -194 36 29,7 0,79 0,10 78.952 CC - 

11 24,4 -206 40 30,7 0,80 0,11 2.373 CC -2,916 

12 24,4 -206 40 30,7 0,80 0,11 1.212 CC -2,350 

13 24,4 -206 40 30,7 0,80 0,11 1.733 CC -3,160 

14 24,4 -206 40 30,7 0,80 0,11 902 CC - 

15 24,4 -214 41 30,9 0,79 0,11 9.334 CC - 

16 22,8 -206 40 30,7 0,74 0,11 11.388 CC -3,501 

17 22,8 -214 41 30,9 0,74 0,11 16.944 CC -4,203 

18 22,8 -214 41 30,9 0,74 0,11 46 CC - 

19 22,8 -214 41 30,9 0,74 0,11 1.796 CC -2,762 

20 22,8 -214 42 31,1 0,73 0,11 2.253 CC -3,411 

21 22,8 -214 42 31,1 0,73 0,11 686 CC - 

22 22,8 -218 46 31,9 0,71 0,11 4.892 CC - 

23 21,0 -214 41 30,9 0,68 0,11 115.815 CC -4,094 

24 21,0 -214 42 31,1 0,68 0,11 10.407 CC - 

25 19,6 -214 42 31,1 0,63 0,11 393.730 CC -4,955 

26 16,6 -218 46 31,9 0,61 0,11 6.183 CC - 

27 19,6 -218 46 31,9 0,61 0,11 541.693 CC -4,115 

28 19,6 -218 47 32,1 0,61 0,11 75.333 CC -4,901 

29 19,6 -218 47 32,1 0,61 0,11 827.518 CC -4,843 

30 17,8 -218 49 32,5 0,55 0,11 15.000.000 stopped -7,510 

1) Nu,calc = 9,0345·ln(concrete age[days]) - 2,6577 

2) σc (hef) = (Fmin ·1000)/(150+2·hef)2 according to Equation 5.16. 

3) fcm,calc = 6,2397·ln(concrete age[days]) + 9,8064 

5.3.4.2 Summary of the alternating tension-compression tests 

 

The constant amplitude alternating tension-compression tests were carried to experimentally investigate 

the influence of compressive (negative) minimum load on the concrete cone failure under fatigue loads, 

as this loading case presents a special loading case in the fastening technology. Whilst the concrete is 
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loaded in tension by introducing tension via the fastener, during the load reversal, the concrete is exerted 

to surface compression below the steel anchor plate. A special loading device was designed, which 

allowed the simulation of centric tensile load introduction into the concrete via the headed stud. In the 

reversed (compressive) loading phase, the fixture introduced centric and equally distributed surface 

compression into the concrete.  

The results of the tension-compression tests show a significantly higher scatter than the pulsating tension 

tests (compare correlation coefficients of Equation 5.24 and Equation 5.26). The comparison of the 

pulsating tension and alternating tension-compression tests confirmed the hypothesis over the negative 

influence of compressive load reversals on the concrete cone failure in tension. Without further consid-

eration of the scatter and its consequence on the characteristic Wöhler-curve, the difference in the al-

lowable maximum tensile load at N = 2·106 is 10 % and at N= 107 is 12%. The Wöhler-curve under 

alternating tension-compression has a much steeper slope than that under pulsating tension (Figure 

5.77).  

 

Figure 5.55 Fatigue behaviour of headed studs under pulsating tension and alternating tension-

compression, (Fmin = 0,1 Nu in tension, Fmin ≈ 0,1·fcm,cube in alternating tension-compression) 

The secondary creep, which was evaluated using displacement data of maximum displacements, also 

shows slight differences in the pure pulsating-tension and alternating tension-compression tests (Figure 

5.56). The comparison shows that the same measured secondary creep rate corresponds to a much less 

number of cycles at failure. Based on the test results it is important to note that the slope of the log εsec 

– log N curves is almost identical in case of pulsating tension and alternating tension-compression. The 

secondary cyclic creep was determined in both cases using the maximum displacement data (δmax). 

σmin = 0,1∙fcm 

Fmin = 0,1∙Nu 
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Figure 5.56 Comparison of secondary creep in the pulsating tension and alternating tension-

compression tests 

5.3.5 Discussion of the results and comparison of the new test results with existing literature data 

5.3.5.1 Summary of all data and comparison of test data with S-N relations proposed for plain 

concrete 

The newly obtained test data was compared to the previous research data available for plain concrete 

and for fasteners in case of concrete cone failure. In the graph shown in Figure 5.68, the newly obtained 

data in pulsating tension was compared to the experimental data of: 

- Lotze (1993), HS headed stud, hef = 80 mm, fc = 33 N/mm2, Fmin = 0,1 Nu  

- Maruyama (1997), HS headed stud, hef = 30 mm and 45 mm, fc = 31,9 N/mm2, Fmin = 0,1 Nu  

- Block (2001), UC undercut anchor, hef = n/a, fc = 28 N/mm2, Fmin = 0,1 Nu 

- Block (2001), BA bonded anchor hef = n/a, fc = 28 N/mm2
,
 Fmin = 0,1 Nu 

- Usami et al. (1983), HS headed stud, hef = 100/120/140/160 mm, fc ≈ 21-40 N/mm2, Fmin = 0,1 

Nu 

The comparison also includes the S-N relations of: 

- Cornelissen (1984), plain concrete, pulsating tension, Smin = 0,1 

- Hsu (1981), plain concrete, reversed compression,  

- FIB MC2010, proposed S-N relation, reversed compression 

- FIB MC2010, proposed S-N relation for pure pulsating tension and alternating tension-com-

pression 
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Since the majority of the test data was made applying approx. 10% of Nu, the reference curves were also 

calculated for 10 % minimum load or stress, respectively. The joint experimental data counts 167 pul-

sating tension fatigue tests ended up by concrete cone failure. The experimental data covers the concrete 

compressive strength range from fc = 20 N/mm2 to fc = 50 N/mm2, and the embedment depth was varied 

in the different data sets between hef = 30 mm to 160 mm.  

 

Figure 5.57 Fatigue of fasteners in case of concrete cone behaviour, comparison of new results 

with literature data 

 

Figure 5.58 Characteristic Wöhler-curve determined using all results on concrete cone failure 

according to EN1993 

𝑙𝑜𝑔10𝑁 = 24,84 − 26,525 ∙
𝐹𝑚𝑎𝑥

𝑁𝑢
 Pulsating tension all results, r=0,56 Equation 5.28 
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The linear regression was made to determine the S-N relation using all data from various authors (Equa-

tion 5.28). Furthermore, the results were evaluated according to Eurocode 3, and the characteristic Wöh-

ler-curves were determined taking into account all 167 fatigue test results (including the run-outs) from 

different authors as one joint dataset. This evaluation does not differentiate between the possible effect 

of embedment depth, concrete strength, test frequency etc. Therefore, it is probably the most conserva-

tive characteristic Wöhler-curve that can be made using all results. The characteristic Wöhler-curve 

determined according to EN1993-1-9 is shown in Figure 5.58. The difference between the linear regres-

sion and the evaluation curve using the method of EN1993-1 is remarkable. 

The results on the fasteners are generally well-above the S-N relation proposed for plain concrete in 

pure pulsating tension based on the FIB Model Code 2010 (Figure 5.57). With the increasing number of 

cycles, the activated crack area that transfers the load is also increasing, which leads to the decrease of 

the potential stress at the crack tip. This effect is clearly shown by the experiments of Maruyama (1997). 

The steadily increasing activated surface leads to the decrease of the stress at the crack tip. Even though 

the fatigue tests are carried out as constant load-amplitude tests, the stress on the fracture surface is 

decreasing, explaining the generally better fatigue behaviour of fasteners in case of concrete cone failure 

as the plain concrete fatigue under pulsating tension. The fracture mechanics of the fatigue damage is 

described later in this Section. 

In general, a large scatter of the available test data was observed. Despite the large scatter, after having 

a closer look at the results shown in Figure 5.57, the results with shallow embedment depths fall rather 

below the S-N relation of fib MC2010 proposed for plain concrete. It is assumed at this point that the 

negative effect of the decreased embedment depth is attributed to the scatter of the concrete mechanical 

properties close to the surface, which may inherently lead to higher scatter of the concrete cone capacity 

even under static loading. In Section 5.4.3, the influence of embedment depth is studied in a more de-

tailed way.  

Another parameter, which influences the concrete cone capacity is the concrete strength. When all re-

sults are depicted in relative maximum load versus number of cycles graph, it is hard to conclude at this 

point about the either detrimental or beneficial effect of the increased concrete strength. Some data – for 

instance, those reported by Usami et al. (1983) - show the clear beneficial influence of concrete strength 

on the fatigue life of fasteners in case of concrete cone failure. To the contrary, the new results suggest 

the rather detrimental effect of the increased concrete strength. Note that assuming a detrimental effect 

is in a good agreement with the findings determined for plain concrete (see results in Section 3.6.3.4) 

and is more conservative. The influence of the concrete strength on the fatigue life is discussed in detail 

in Section 0. It can also be observed that the fatigue results of Block (2001) from the uniaxially loaded 

undercut and bonded anchors are also below the curves proposed for plain concrete. It is to note that 

these tests were carried out close to the edge to provoke concrete failure and to prevent premature steel 
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failure. The negative effect due to the vicinity of the concrete edge and thereof caused stress disturbance 

under fatigue loading cannot be ruled out at this stage.   

The results of the alternating tension-compression tests were also compared to the S-N relations deter-

mined for plain concrete. The new test results – which were the first such results to the knowledge of 

the author - were compared to the S-N relations of: 

- Cornelissen (1984), plain concrete, alternating tension-compression, Smin = 0,1·fc 

- FIB MC2010, proposed S-N relation for pure pulsating tension and alternating tension-com-

pression 

Since the minimum compressive load corresponded to 10 % of the fc calculated at hef, the above S-N 

relations were also calculated for Smin =0,1·fc. Note that the FIB Model Code 2010 proposes the same 

relation for pure pulsating tension and alternating tension-compression without accounting for the min-

imum compressive stress level. The comparison is shown in Figure 5.59. 

 

Figure 5.59 Fatigue of fasteners in case of concrete cone, comparison of new alternating tension-

compression tests with the S-N relations for plain concrete 

The S-N relation proposed by Cornelissen for alternating tension-compression captures the fatigue be-

haviour well, except a few test results. With this comparison, the hypothesis over the detrimental effect 

of minimum compressive load on the concrete fatigue behaviour even in case of fasteners was princi-

pally confirmed. The detrimental effect is explained by the crack incompatibility during the crack clos-

ing. For a detailed explanation of the fatigue damage, the fracture mechanics of the fatigue loaded 

headed stud, and the uniaxially loaded concrete is discussed in the following. 

To ensure the fair comparison of the tension-compression results with the literature data, the following 

additional evaluations were done: 
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- The new alternating tension-compression test results were compared to the “reference” pulsat-

ing tension test results. The S-N relations including all data shown in Figure 5.58 (S-N relation 

see Equation 5.28) and for the alternating tension-compression tests (C20/25, hef=50 mm, S-N 

relation see Equation 5.26) are shown in one diagram. The relative (tensile) maximum load was 

calculated according to the corresponding determined S-N relations at N = 2·106, N = 107 and 

N = 108 and the ratio of tension-tension and tension-compression results were also calculated. 

- The relative maximum load was calculated at N = 2·106, N = 107 and N = 108 using the S-N 

relations given for pulsating tension (plain concrete, S-N relation see Equation 3.8) and for al-

ternating tension compression (plain concrete, S-N relation see Equation 3.9). 

The results of the calculations are summarized in Table 5.23 and are shown in Figure 5.60. 

Table 5.23 Comparison of pulsating tension and alternating tension-compression relations based 

on the new results and based on the data of Cornelissen (1984) 

 All authors 

Equation 5.28 

Tóth (2019) 

Equation 5.26 
Cornelissen (1984)  Tóth Cornelissen 

N PT ATC PT ATC 1-ATC/PT 1-ATC/PT 

 Fmax / Nu Fmax / Nu σmax / fctm σmax / fctm   

[-] [-] [-] [-] [-] [-] [-] 

2.000.000 0,6990 0,6051 0,5667 0,3530 0,134 0,377 

10.000.000 0,6727 0,5663 0,5187 0,2649 0,158 0,489 

100.000.000 0,635 0,5108 0,4498 0,1388 0,195 0,691 

PT: Pulsating tension, ATC: Alternating tension-compression 

 

Figure 5.60 Fatigue of fasteners in case of concrete cone, comparison of the new alternating ten-

sion-compression tests with the S-N relations for plain concrete 

The comparison clearly shows that the detrimental effect of the compressive minimum load is more 

pronounced in the case of uniaxially loaded plain concrete compared to fasteners failed by concrete cone 
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failure. However, in the latter case, the degradation is still remarkable. As a summary, the majority of 

the new test results, as well as literature data, are above the proposed S-N relation for plain concrete in 

pulsating tension. Under alternating tension-compression, the observed detrimental effect (comparison 

between pulsating tension and alternating tension-compression) is significant but less pronounced as it 

was observed in case of plain concrete.  

In the following, the fatigue fracture mechanics of plain concrete and tensile loaded anchors are dis-

cussed for the better understanding of the differences in terms of the fatigue behaviour of anchorages in 

concrete breakout failure and plain concrete. 

5.3.5.2 Fracture mechanics of plain concrete and fasteners under fatigue loading 

The fracture mechanics of the plain concrete and anchorage under fatigue loading is somewhat different. 

During the fatigue tests on plain concrete, concrete cylinders and concrete prisms of different geometries 

are used in general, and the tests are carried out as constant-load amplitude direct (uniaxial) or indirect 

(bending, spitting) fatigue tests. First, the fracture mechanics of uniaxially loaded concrete is discussed. 

This is followed by the fracture mechanics of a fatigue loaded headed stud. Finally, the differences are 

outlined. 

At meso-level, the concrete is an inhomogeneous material that consists of cement matrix and aggregates 

of different diameter and shape. After the tensile stress exceeds the concrete tensile strength, the existing 

micro-cracks are opened up to macro cracks, which still can transfer load. From the concrete fracture 

mechanics, this is known as the fracture process zone (FPZ) (Hillerborg et al. (1985)). The resistant 

stresses under fatigue loading are composed of elastic strength of “intact” concrete and the FPZ. With 

increasing number of cycles, the crack propagates steadily, leading to cracks inside the concrete which 

are not anymore able to transfer stresses. The lack of certain parts of the “effective” original cross-

section leads to stress redistribution, and the applied constant load must be borne by the still “intact” 

zones and fracture process zones. Over these zones, the stress may increase with progressing damage.  

In case of the static tensile loading of an anchor, the relative crack length a/L at failure load is approxi-

mately 0,43-0,45 (Maruyama et al. (1989) and Eligehausen & Sawade (1989)), where L is the total 

length of the theoretical concrete cone.  In the case of anchors, the crack initiates after the stress at crack 

tip exceeds the maximum tensile strength. In the following, the fracture model proposed by Maruyama 

for a fatigue-loaded anchor is summarized and compared to the fatigue fracture of plain concrete and to 

understand the differences in the results. According to the theory of Maruyama (1997), the crack initiates 

after the 1st loading cycle, and its length is proportional to the applied maximum load. This crack prop-

agates steadily with an increasing number of cycles at an angle of θ. The new results showed that θ 

might be assumed as 30-35°, which corresponds well to the generally accepted concrete cone angle of 
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ca. 35° under static loading. The applied load under fatigue loading is taken up by the elastic strength 

of the “intact” (uncracked) section and the (cracked) fracture process zone (FPZ). According to 

Maruyama (1997), the resistant stresses in the intact concrete zone as well as in the FPZ may be de-

scribed by a triangular shape. The resistant stresses are Pcr and Pel (see Figure 5.61).The resistant stresses 

can be described by Equation 5.29 and Equation 5.30. 

𝑷𝒄𝒓 = 𝟎, 𝟓 𝝈𝑵 𝒂𝒇𝒑𝒛 𝟐𝝅 {
𝑫

𝟐
+

𝟐

𝟑
𝒂𝒇𝒑𝒛 + (𝒂 − 𝒂𝒇𝒑𝒛)} Equation 5.29 

𝑷𝒆𝒍 = 𝟎, 𝟓 𝝈𝑵 𝒃 𝟐𝝅 {
𝑫

𝟐
+ 𝒂 +

𝟏

𝟑
𝒃} Equation 5.30 

where afpz is the total length of the fracture zone and a is the crack length. The length of afpz is assumed 

to be equal to a, as long as a/L < 0,45. In Figure 5.61, σN is the potential stress at crack tip after the Nth 

load cycle. The length of b (see indicated in Figure 5.61) is assumed to be constant during the crack 

propagation. At the first loading cycle, the potential stress is equal to the maximum tensile strength σN 

= ft. The potential stress σN at the crack tip for any crack length is expressed by Equation 5.31, 

𝐏𝐦𝐚𝐱 = (𝐏𝐜𝐫 + 𝐏𝐞𝐥) 𝐜𝐨𝐬𝛉 Equation 5.31 

where Pmax = maximum applied load. 

 

Figure 5.61 Resistant stresses of tensile fatigue loaded anchor (reproduced from Maruyama 

(1997)) 
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Figure 5.62 Ratio of potential stress versus concrete tensile strength of a fatigue loaded fastener 

in case of concrete cone failure (reproduced from Maruyama (1997)) 

Based on this above model of Maruyama et al. (1997), it was concluded that the potential stress after 

the first loading cycle decreases on the crack tip. This was confirmed by tests reported by Maruyama 

(1997) (see Figure 5.62).  This decrease of the potential stress continues until the total crack length 

exceeds the length of FPZ.  

The explanation of the different fracture mechanics of the fatigue-loaded plain concrete and the fatigue 

loaded anchors yields the following conclusions: 

1. The application of constant load-amplitude in the pulsating tension tests does not result in con-

stant stresses in the fracture process zone throughout the fatigue loading. The change of the 

stress under constant load-amplitude differs from each other in case of uniaxially loaded con-

crete and in case of axially loaded fasteners. 

2. In the case of uniaxially loaded plain concrete, the load redistribution leads to the increase of 

stresses over the “intact” concrete areas and FPZ. With increasing cycles and with continuous 

damage, the real stresses over the intact zones are increasing compared to the nominal stress σ 

= F / A (where A initially denotes the full “intact” cross section)  

3. In the case of anchors, the “activated” cone area (elastic part and FPZ) is increasing, and the 

potential stress decreases on the crack tip until the total crack length exceeds the FPZ. 

4. Based on the findings of (2) and (3), it seems now obvious, why the results of fatigue loaded 

anchorages behave somewhat better than the plain concrete. 

In the case of alternating tension-compression loading, the fracture mechanics shall be studied in an 

even more complex way. In the alternating loading, the full sinusoidal wave consists of a tensile phase 

and a compressive phase. To understand the fatigue fracture under alternating tension-compression load-

ing, the cause of the fatigue damage under reversed compression (--) and pulsating tension (++) shall be 

discussed again.  
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For a better understanding, the concrete shall be considered at meso-level again (cement matrix and 

aggregates). In the case of plain concrete, during the first loading with the maximum (tensile) load, the 

micro-cracks are opened up according to the above-described fracture model. Note that the micro-cracks 

are inherently present in the concrete even in an unloaded phase due to mechanical, thermal and hygral 

incompatibility. The resistant stresses are set together from the elastic strength of “intact” concrete and 

the FPZ. Since the cracks strive for energy minimum, they do not go through the aggregates in normal 

strength concrete. The fatigue damage of concrete considered at meso-scale is a result of more repeated 

damage processes.  It is very important to understand that the crack initiation and crack growth are the 

consequences of both the loading and unloading phase and the repeated actions may speed up the fatigue 

damage. Under reversed compressive cycling, the fracture damage may be broken down to the following 

damage steps. During the unloading of the compressed concrete, the aggregates “expand” back to their 

initial size at a lower rate than the cement matrix, due to the shear-components between cement matrix 

and aggregate. This leads to the development of longitudinal stresses in the aggregate, stimulating the 

crack initiation at the aggregate-cement-matrix interface (Figure 5.63). The same fatigue damage pro-

cess is valid under pulsating tension; however, every load component that acts and the resulting defor-

mations take place in the opposite direction: During the unloading of the tension loaded concrete, the 

aggregate “shrinks” back to its original volume at a lower rate than the cement matrix. The developing 

friction at the aggregate-cement matrix interface induces longitudinal compression in the aggregates. 

This is the main explanation of the fatigue damage under repeated cycles in pulsating tension and in 

reversed compression. 

 

Figure 5.63 Fracture elements during unloading (in reversed compressive cycling), (Figure taken 

and reproduced from Hohberg (2004)) 

Now, the fracture mechanics of the alternating tension-compression can be explained using the above 

damage processes. In the particular case of alternating cycling, one full sinusoidal wave is described as 

a chain of four processes with four consequent damage processes:  

(1) Loading in tension and crack opening, 

(2) unloading, friction between aggregate and cement-matrix, development of longitudinal compression 

in the aggregate, 
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(3) loading in compression, forced crack closing  

(4) unloading, friction between aggregate and cement-matrix. 

At step (3) further detrimental additional stresses may develop on the aggregate-cement matrix interface 

due to the mechanical crack incompatibility. The repeated alternating process from (1) to (4) leads to 

the abrasion of the cement-matrix- aggregate interface. As a consequence of repeating the steps from 

(1) to (4), the damage caused within one sinusoidal cycle is definitely higher than only pure pulsating 

tension, i.e. the periodical repetition of steps (1) and (2).    

 

Figure 5.64 Cement matrix abrasion as a consequence of alternating loading (Figure taken and 

reproduced from Hohberg (2004)) 

After understanding the actual damage caused by the fatigue loading, the transition of this knowledge 

onto a fatigue-loaded fastener shall give the explanation for the somewhat better fatigue behaviour of 

fasteners than uniaxially loaded plain concrete in pure pulsating tension and in tension-compression.  

The tensile load on the fastener is introduced into the concrete mainly over the head area. The load 

transfer along the shaft is now neglected from the following consideration. Under tension, the equilib-

rium of the forces is given if the integral of the stresses over the head area is equal to the integral of 

resistant stresses over the fracture process zone. Since the two resultant vectors stay under approx. 

θ=35°, the mechanical equilibrium can be expressed by Equation 5.32. 

  ∫ 𝝈𝒉𝒆𝒂𝒅 𝐜𝐨𝐬𝛉
.

𝑨𝒉
= ∫ 𝑷

.

𝑨𝑭𝑷𝒁
  Equation 5.32 

If surface compression is applied, the crack that has developed under tension is being closed. At this 

level of fracture, only the stresses resulting directly from the applied surface compression will be further 

described and those “meso-level” stresses, which develop at the aggregate-cement matrix interface, are 

not considered. According to the test concept of the executed alternating tension-compression tests, the 

targeted stress was 0,1⸱fc at hef depth, where the tensile crack initiates. The crack tip propagates steadily 

under θ=35° towards the surface under fatigue loading. The compressive stress that closes the crack 

increases as the fracture process zone propagates towards the surface. In the case of fasteners, the stress 

component acting perpendicular to the propagating cone-shape crack is cos 35° times the (vertical) stress 
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that is calculated from the surface pressure Figure 5.65a.  Note that the component which is parallel to 

the crack (under sin 35°) is assumed to be not contributing significantly to the fatigue damage.  

a) b)  

Figure 5.65 Schematics of stresses at the crack tip a) tensile phase b) compressive phase 

Taking into account the above fracture mechanical considerations, the stresses at the crack tip under 

constant load-amplitude alternating tension-compression loads can be calculated using a simplified way 

under the following assumptions: 

1. The compressive stress due to surface pressure spreads out under 45° in non-reinforced con-

crete. 

2. Under tension, which is introduced into the concrete over the head area, mostly the perpendic-

ular stress component  (∫ 𝜎ℎ𝑒𝑎𝑑
.

𝐴ℎ𝑒𝑎𝑑
 cos 35°) contributes to the fatigue damage of concrete cone 

and the effect of the significantly smaller parallel stress component (∫ 𝜎ℎ𝑒𝑎𝑑
.

𝐴ℎ𝑒𝑎𝑑
 sin 35°with 

respect to the fatigue behaviour is negligible (Figure 5.69a). 

3. Under compression, which is introduced into the concrete as surface compression below the 

anchor plate, mostly the perpendicular stress component (∫ 𝜎𝑐
.

𝐴𝐹𝑃𝑍
 cos 35°) contributes to the 

fatigue damage and the effect of the significantly smaller parallel stress component (∫ 𝜎𝑐
.

𝐴𝐹𝑃𝑍
 

sin 35°) with respect to the fatigue behaviour is negligible (Figure 5.69b). 

4. The compression, which closes the tensile crack, is considered at the full cracked area including 

the FPZ. The compressive stress is calculated at σz (hef) and is calculated at the crack tip as it 

propagates steadily under 35° towards the surface.     
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In Figure 5.69, as a simplified approach, the perpendicular compressive stress component resulting from 

the surface compression is calculated as the mean value of the stress calculated at hef and the stress 

calculated at the crack tip.  

  𝝈𝒄,┴ =
𝝈𝒄,┴ (𝒉𝒆𝒇)+𝝈𝒄,┴ (𝒉𝒄𝒓𝒂𝒄𝒌−𝒕𝒊𝒑)

𝟐
  Equation 5.33 

where 

σc,┴ (hef) = compressive stress at the embedment depth (hef) 

σc,┴ (hef) = compressive stress at the crack tip (hef) 

The perpendicular component of the compressive stress σc,┴ (hef) as a result of the surface compression 

is calculated by multiplying σc(hef) with the angle of the concrete cone (θ = 35°):  

  𝝈𝒄,┴ (𝒉𝒆𝒇) = 𝝈𝒄,𝒛 (𝒉𝒆𝒇) ∙ 𝐜𝐨𝐬 𝟑𝟓°  Equation 5.34 

where 

σc (hef) = compressive stress (vertical) at hef, calculated acc. to Equation 5.16. 

The perpendicular component of the compressive stress at the crack tip is calculated using the model of 

Maruyama et al. (1997), who described a/L as a function of N/Nfailure. Using this concept, the distance 

of the crack tip from the concrete surface can be expressed as follows (Equation 5.35): 

  𝒉𝒄𝒓𝒂𝒄𝒌−𝒕𝒊𝒑 = 𝒉𝒆𝒇(𝟏 −
𝒂

𝑳
)  Equation 5.35 

Note that according to Figure 5.62, the a/L-ratio is dependent on the applied relative maximum load. 

Based on the considerations above, the constant load-amplitude applied to the fastener (Figure 5.77a) 

can be translated to stress values acting on the crack-tip as a function of N / Nfailure. The resulting calcu-

lated tensile and compressive stresses at crack-tip as function of N / Nfailure are shown in Figure 5.77a 

and Figure 5.77b, respectively. 
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a)  

b)  

Figure 5.66 Translation of applied loads (centric tension and surface compression) to stresses 

acting perpendicular to the crack a) applied loads b) calculated stresses  

 

It can be observed that the translated stresses perpendicular to the conical cracks are not constant as a 

function of N/Nfailure. In tension, the developing stresses show a temporary decrease with an increasing 

number of cycles. Assumedly, after the total crack length exceeds the length of the fracture process 

zone, the stress at the crack tip increases again. The amount of stress decrease depends on the maximum 

applied load (according to the model of Maruyama et al. (1997)). Under compression, even though the 

compressive stress increases at the crack tip (σc,┴ (hcrack-tip)), the calculated mean compression over the 

total crack length (σc,┴) does not change significantly. This means that the stress, which was applied and 

calculated as a vertical stress at hef (σc,z (hef)), remains 9-11% of fc, even if the propagating crack and the 

perpendicular component is considered. 
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As a summary of the following mechanical model, which tries to describe the link between the uniaxially 

fatigue-loaded plain concrete and the concrete cone yields the following conclusions: 

1. In the case of the concrete cone, the calculated perpendicular tensile stress component is as-

sumed to be ∫ 𝜎ℎ𝑒𝑎𝑑
.

𝐴ℎ𝑒𝑎𝑑
 cos 35°. Furthermore, the acting stress is not constant throughout the 

fatigue life. It decreases temporarily and increases again. The measure of decrease is propor-

tional to the applied maximum load. This is reasonable explanation for the “grading-effect”, 

wherefore the fatigue loaded headed stud shows a slightly better fatigue behaviour than the 

uniaxially loaded plain concrete. 

2. In case of the compression, the stress acting over the total crack length stays almost constant, 

because two effects balance each other out. The stress reduction caused by considering only the 

perpendicular component of the calculated stress, and the increase due to the upwards propa-

gating crack-tip and thereof resulting stress-increase is almost equal.   

5.3.5.3 Correction of the results based on simplified stress considerations 

Based on the mechanical fracture model that is described in detail in 5.3.5.2, the S-N relation determined 

for the concrete cone using the executed new pulsating tension tests is transformed for verification. The 

S-N relation for pulsating tension (Equation 5.28, concrete cone, all authors) and the S-N relation for 

alternating tension-compression (Equation 5.26, concrete cone, new results, Tóth) were corrected due 

to the geometrical boundary condition as follows. The transformation of the S-N relations is given by 

Equation 5.36 for pulsating tension and Equation 5.37 for alternating tension-compression. 

Fmax/Nu=0,9366-0,0377 log N / cos 35° Equation 5.36 

Fmax/Nu=0,9550-0,0555 log N / cos35° Equation 5.37 

The results of the transformation of the corresponding S-N relations are shown in Figure 5.67. It was 

observed that the correction leads to a lesser deviation of the corresponding S-N curves. However, even 

after the transformation of the S-N relations, the results on anchorages in case of concrete cone failure 

are above those of uniaxially loaded plain concrete. Note that during the transformation, only the geo-

metrical boundary condition was taken into account. The decreasing non-constant stress was not con-

sidered; however, it is also considered as rather a beneficial effect. By accounting for this effect, the 

slope of the S-N curves might be further reduced. At this point, no explicit explanation was found for 

the deviation of the relative decrease of the fatigue life of headed studs under alternating tension-com-

pression. It seems that the detrimental effect of the compressive minimum load is less pronounced in 

case of the concrete cone than that observed in the case of uniaxially loaded concrete.   
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Figure 5.67 Correction of the concrete cone S-N relations (PT: pulsating tension, ATC: alternat-

ing tension-compression) 

5.4 Discussion of the results and evaluation of different influence factors 

5.4.1 General 

In this section, the available literature data, extended with the new test results were evaluated in different 

ways to draw conclusions regarding the influence of various minimum and maximum loads, embedment 

depth, concrete strength, head pressure, loading frequency and programme loading. It is important to 

study these parameters to generalise the fatigue design concept of fasteners against concrete breakout 

failure. The investigated joint database includes 167 fatigue tests results on headed studs, undercut an-

chors and bonded anchors in tension, which failed by concrete cone failure (Figure 5.68). There are only 

limited data available on the concrete edge failure under fatigue loading, and its investigation is not the 

scope of this PhD work. The available results for concrete edge failure under shear loading are shown 

in  Figure 5.69. 
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Figure 5.68 Fatigue behaviour of fasteners in case of concrete cone failure: joint database  

 

Figure 5.69 Fatigue behaviour of fasteners in case of concrete edge failure: joint database 

5.4.2 Influence of minimum loads on the fatigue life 

5.4.2.1 Concept  

Most of the tests were carried out using a constant minimum load. The relative minimum load was 10 

% of the static ultimate concrete cone capacity in most of the tests. The main drawback of the Wöhler-

curve is that it is only valid for a given minimum load. This complementary information shall always 

be added to the Wöhler-curve. In order to obtain further Wöhler-curves valid for various minimum loads, 

the newly developed evaluation method was used. For the evaluation of the Wöhler-curves, the Finite 

Element Models were made and using the Wöhler-curves were determined using the new numerical 
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method. Three headed stud models were discretized, namely with hef= 50 mm, hef=70 mm and one with 

an anchor plate for the investigation of the tension-compression loading case. The models were discre-

tized in the commercial Finite Element software FEMAP from Siemens. To save calculation time and 

due to the double symmetry of the tested scenarios, only quarter models were discretized. The models 

are shown in Figure 5.70. The non-linear finite element analysis to determine Glim, Gmax and Gmin was 

performed using MASA. The software MASA was developed at the Institute of Construction Materials 

of the University of Stuttgart, and its general applicability to capture the non-linear behavior of mainly 

concrete was verified through a large number of studies.  

The steel bolt and the steel fixture were modelled using solid 8-node hexahedral elements, and the steel 

material model was selected to be linear elastic with an E-module of Es = 210.000 N/mm2. The concrete 

was discretized using tetrahedral elements, and the macroscopic material parameters were derived based 

on the measured concrete compressive strength.  

 

 a)  

b)  
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c)     

Figure 5.70 FE-Models used for the determination of the Wöhler-curves a) hef=50 mm b) hef=70 

mm; c) hef=50 mm with anchor plate 

The models for tension consists of concrete and the steel bolt (Figure 5.70a,b). Two models were made, 

one with hef=50 mm and one with hef=70 mm embedment depth. To avoid an unwanted load transfer on 

the bottom of the head, a gap was made. Furthermore, to avoid load-transfer along the anchor shaft, 1D 

contact bar elements were made, which can only transfer compression. The constraints were nodes de-

fined along a quarter circle line on the top of the concrete block. The diameter of the support ring cor-

responded to the conditions used in the experiments. The displacement load was applied to the nodes 

located on the top of the anchor.  

The model which was made to replicate the alternating tension-compression loading scenarios (Figure 

5.70c) was made such that a nut was simulated with a steel head above the steel fixture. Between the 

steel bolt and the fixture, 1D contact bar elements were used, which cannot transfer shear loads, but only 

compression. This kind of modelling simulates the presence of an annular gap in the steel fixture. Un-

derneath the steel fixture 1D contact bar elements were used, which only can transfer compression loads. 

The load were applied on the nodes located on the top surface of the steel fixture. In tension, the load is 

transferred into the bolt via the “nut”, and in compression, a direct surface pressure is applied. This 

model well captures the experimentally investigated loading case in tension-compression. 

Before performing the cyclic analysis to determined the required hysteresis areas, it was assumed that 

the load-displacement behaviour of the reference tests corresponds well to that of the numerical analysis. 

Note that the concrete strain under compression was not evaluated in the experiments. 

5.4.2.2 Influence of tensile minimum loads 

The FE-Models of hef=50 mm and hef=70 mm headed studs in low-strength concrete were used for the 

determination of the S-N relations for the entire loading range according to the new method presented 
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in Section 5.2. The possible calibrations curves, the previously determined linear regression curves ac-

cording to Equation 5.24 and Equation 5.19, as well as the mean S-N curve and characteristic Wöhler-

curves are shown in  Figure 5.71 for C20/25 hef=50 mm and in Figure 5.72 for C20/25 hef=70 mm. The 

regression lines (Equation 5.24 and Equation 5.19) are describing the “mean” S-N relation. The mean 

S-N relations, which were determined using the new method and the evaluation in the vertical cuts, do 

not deviate from the previously determined S-N relations significantly (compare dashed and solid lines 

in Figure 5.71 and Figure 5.72). The maximum observed deviation is about 3 %. The determined mean 

and characteristic Wöhler-curves are valid for a constant tensile minimum load of Fmin= 0,1·Nu. The 

determined constants C and m have a very large scatter, so do the calibration curves. This is due to the 

fact that the calibration curves include all the very conservative and all very safe possible Wöhler-curves. 

The C-values are ranging between 7·10-25 to 106 and the m-parameters between 0,97 to 35.  

 

Figure 5.71 Determination of mean and characteristic Wöhler-curves for the new data set based 

on all possible calibration curves (Headed stud, C20/25, hef=50 mm), pulsating tension, 

Fmin=0,1·Nu 

Using the determined C and m constants (m = 19.62 and C = 2.2·10-12 for hef = 50 mm headed studs and 

m = 12.64 and C = 2,79·10-7 for hef = 70 mm headed studs) the further mean S-N relations for various 

minimum loads were determined. The results of the evaluation of the S-N relations with Fmin=0,2Nu, 

Fmin=0,4 Nu, Fmin=0,6Nu and Fmin=0,8Nu are shown in Figure 5.73 and  Figure 5.74, for hef = 50 mm and 

for hef = 70 mm, respectively. Note that the S-N curve derived for Fmin/Nu=0,8 minimum load may not 

be reasonable since higher fatigue relevant loads than 75 % of Nu (≈NRk,c) will never be applied on 

fasteners.  
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Figure 5.72 Determination of mean and characteristic Wöhler-curves for the new data set based 

on all possible calibration curves (Headed stud, C20/25, hef=70 mm), pulsating tension, 

Fmin=0,1·Nu 

 

Figure 5.73 Determination of mean Wöhler-curves for different tensile minimum loads (Headed 

stud, C20/25, hef = 50 mm, Nu = ultimate concrete cone capacity) 
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Figure 5.74 Determination of mean Wöhler-curves for different tensile minimum loads (Headed 

stud, C20/25, hef = 70 mm, Nu = ultimate concrete cone capacity) 

To describe the mean S-N relations under pulsating tension for hef=50 mm and hef=70 mm headed studs, 

mathematical models were made. The models were made using the determined C and m constants and 

the new fatigue model. The step by step development of Equation 5.38 is summarized in Table 5.24. 

The Equation 5.39 was developed according to the same concept using the corresponding C and m 

parameters.  

The Wöhler-curves shown in Figure 5.73 and Figure 5.74 can be calculated for an arbitrary chosen 

relative maximum and minimum load using Equation 5.38 and Equation 5.39. 

log𝑁 = 19,62 ∙ log
3,54

(
𝐹𝑚𝑎𝑥
𝑁𝑢

)
2,26

− (
𝐹𝑚𝑖𝑛
𝑁𝑢

)
2,26 − 11,655 

pulsating tension 

hef=50 mm 
Equation 5.38 

log𝑁 = 12,64 ∙ log
3,76

(
𝐹𝑚𝑎𝑥
𝑁𝑢

)
3,22

− (
𝐹𝑚𝑖𝑛
𝑁𝑢

)
3,22 − 6,553 

pulsating tension 

hef=70 mm 
Equation 5.39 

In the design proposal, which is presented in Section 6,  the S-N relation determined for hef = 50 mm 

(Equation 5.38) will be considered as the “standard” S-N relation, which will be further “transformed” 

taking into account different influence factors. The detailed concept of the design proposal is described 

in Section 6.1. 
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Table 5.24 Derivation of the mathematical models based on the determined C and m parameters 

Step 

No. 

Equation Commentary 

1 mm

GG

G
C

G

G
CN 











−
=










=

minmax

limlim  Basic formulation of the 

new fatigue model 

2 m = 19.62 and C = 2.2·10-12 for hef = 50 mm headed studs  

m = 12.64 and C = 2,79·10-7 for hef = 70 mm headed studs 

Determined constants for 

different scenarios  

3 
𝑁 = 19,62 ∙ (

𝐺𝑙𝑖𝑚

𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛

)
2,2∙10−12

 
Insert the material constants 

of the scenario m = 19,62 

and C = 2.2·10-12   

4 𝐺𝑙𝑖𝑚 = 2,9 

𝐺𝑎𝑟𝑏𝑖𝑡𝑟𝑎𝑟𝑦 (
𝐹

𝑁𝑢
) = 0,8182 · (

𝐹

𝑁𝑢
)
2,26

 

 

Dissipated energy calcula-

tion in function of the load-

ing level (function was 

made based on several load-

ing-unloading hystherese 

calculations)  

5 

𝑁 = 2,2 ∙ 10−12 ∙ (
2,9

0,8182 (
𝐹𝑚𝑎𝑥

𝑁𝑢
)

2,26

− 0,8182 (
𝐹𝑚𝑖𝑛

𝑁𝑢
)

2,26)

19,62

 

Inserting Glim and G (F/Nu) 

6 

𝑙𝑜𝑔𝑁 = log 

[
 
 
 
(2,2 ∙ 10−12) ∙ (

3,54

(
𝐹𝑚𝑎𝑥

𝑁𝑢
)

2,26

− (
𝐹𝑚𝑖𝑛

𝑁𝑢
)

2,26)

19,62

]
 
 
 

 

Simplifying the equation 

7 

𝒍𝒐𝒈𝑵 = 𝟏𝟏, 𝟔𝟓 + 𝟏𝟗, 𝟔𝟐 ∙ 𝒍𝒐𝒈

(

 
𝟑, 𝟓𝟒

(
𝑭𝒎𝒂𝒙

𝑵𝒖
)

𝟐,𝟐𝟔

− (
𝑭𝒎𝒊𝒏

𝑵𝒖
)

𝟐,𝟐𝟔

)

  

Final form of the equation, 

(compare Equation 5.38) 
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5.4.2.3 Influence of compressive minimum loads 

All the tension-compression tests were carried out with a compression force that corresponds to approx-

imately 10 % of fcm,150 at hef embedment depth (see Section 5.3.4). Using the FE-model shown in Figure 

5.70c and the evaluation method presented in 5.2, the mean and characteristic Wöhler-curves were de-

termined using the newly obtained tension-compression data set. The evaluation was made based on 

approximately 260 calibration curves, and it was made up to only 107. The coefficient of variation in the 

vertical cut over beyond N=107 is very high. Therefore, no positive value for the characteristic fatigue 

strength could not be evaluated reasonably assuming a normal distribution. However, the S-N curve 

should asymptotically approach zero at infinite number of cycles. The newly determined mean S-N 

relation was compared to the originally determined linear regression line, which is described by Equa-

tion 5.26. The newly evaluated Wöhler-curve is slightly more conservative than the previously linear 

regression line (Figure 5.75). 

 

Figure 5.75 Determination of mean and characteristic Wöhler-curves for the new data set 

(Headed stud, C20/25, hef=50 mm), alternating tension-compression, Fmin corresponds to 

0,1·fcm,cube at hef 

The evaluation of Wöhler-curves required a slight modification of the new fatigue model presented in 

5.2. It is assumed under tension-compression that the S-N curve should asymptotically approach zero at 

an infinite number of cycles. This could have been provided only if Gmin = 0 in Equation 5.40.    

mmm

G

G
C

GG

G
C

G

G
CN 











−
=











−
=










=

0max

lim

minmax

limlim  
Equation 5.40 
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The mean S-N relation determined for tension-compression, where the applied load corresponded to 

≈0,1⸱fcm,cube is described by Equation 5.41. 

log𝑁 = 5,65 ∙ log
3,26

(
𝐹𝑚𝑎𝑥
𝑁𝑢

)
3,33 − 1,643 

Equation 5.41 

To obtain further S-N relations with different compressive minimum loads, it is not sufficient to use the 

determined C, m and change only Gmin in Equation 5.40, since Gmin=0. In order to derive further S-N 

curves for different compressive minimum loads, the concept of Cornelissen (1984) was used. Accord-

ing to the proposed S-N relations by Cornelissen for uniaxially loaded concrete, the increase of the 

compressive minimum stress does not change the slope of the S-N curve (see Figure 3.35b). The increase 

of the compressive minimum load only shifts the S-N curve downwards, and the S-N curves remain 

parallel over the whole stress range. The change in log N due to different minimum compressive load is 

expressed by the function (-2,59 (σmin/fc)) according to the model of Cornelissen (see Equation 3.9). This 

rule was implemented for fasteners loaded in tension-compression. The extended model that calculates 

log N according to Equation 5.42 accounts for both the applied (tensile) maximum load and the applied 

(compressive) minimum loads. The Equation 5.42 was evaluated in Figure 5.76 . It can be seen that the 

S-N relations are shifted parallel, along the horizontal axis as a result of different increasing minimum 

compressive loads.     

 log𝑁 = 5,65 ∙ log
3,26

(
𝐹𝑚𝑎𝑥

𝑁𝑢
)
3,33 − 1,38 − 2,59 (

𝜎𝑚𝑖𝑛

𝑓𝑐𝑚,𝑐𝑢𝑏𝑒
) 

alternating ten-

sion-compression, 

C20/25 

Equation 5.42 

Where 

Fmax  applied mean tensile load [kN] 

Nu  ultimate (mean) concrete cone capacity [kN] 

σmin compressive stress in the concrete resulting from pressure under the anchor plate, cal-

culated at hef [N/mm2] 

fcm,cube mean concrete compressive strength,  measured on a = 150 mm cubes [N/mm2] 
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Figure 5.76 Determination of mean Wöhler-curves for different compressive minimum loads 

(Headed stud, C20/25, hef = 50 mm) 

5.4.3 Influence of embedment depth on the fatigue life  

The aim of this Section is to compare the obtained new results with the literature data to investigate, 

whether the effect of different embedment depth must be accounted for in the fatigue design of fasteners 

in case of concrete cone failure. The joint database (new pulsating tension results and literature data) 

contains test results ended up by concrete cone failure, and it covers the embedment range hef = 30 mm 

to 160 mm. For a fair comparison, all results were new-evaluated, and a linear regression was made for 

each data set. 

The joint database and the (partly new) determined linear regression lines are shown in Figure 5.77. 

Even though the fatigue life is plotted against the relative maximum stress, the fatigue life shows an 

increase at increasing embedment depths. 
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Figure 5.77 Influence of embedment depth on the fatigue of concrete cone 

To capture the influence of the embedment depth on the fatigue life of fasteners in case of concrete cone 

failure, the relative maximum load (Fmax / Nu) was evaluated at N = 2·106, N = 107 and at N = 108 based 

on the corresponding regression lines. The evaluation is shown in Table 5.25. It was found that the 

increase of the embedment depth results in the increase of the fatigue performance of fasteners. The 

influence of the embedment depth was captured with a logarithmic regression line. Note that the influ-

ence of concrete strength may be present as the results presented in Figure 5.77 covers results which 

were performed in fc = 20,9 N/mm2 to 59,0 N/mm2.  

Despite this, the joints database and the therefrom determined regression lines show the influence of 

embedment depth is irrespective to whether it is based on the comparison of the calculated Fmax/Nu 

values at N = 2·106, N=107 or at N=108 (Table 5.25). The regression lines from the logarithmic regres-

sion are described by Equation 5.43, Equation 5.44, Equation 5.45 for N = 2·106, N=107 and N=108, 

respectively.  

Table 5.25 Evaluation of relative maximum load at N=2·106, N = 107 and N = 108 

Author / Ref. Linear regression Comment hef 2,00E+06 1,00E+07 1,00E+08 

[-] [-] [-] [mm] [-] [-] [-] 

Maruyama 

(1997) 
(Fmax/Nu) = -0,0443 log N + 0,9173 New eval. 30 0,64 0,61 0,56 

Maruyama 

(1997) 
(Fmax/Nu) = -0,0564 log N + 0,9596 New eval. 45 0,60 0,56 0,51 

Tóth (2019) (Fmax/Nu) = -0,0317 log N + 0,9089 Equation 5.24 50 0,71 0,69 0,66 

Tóth (2019) (Fmax/Nu) = -0,0305 log N + 0,8891 Equation 5.20 50 0,70 0,68 0,65 

Tóth (2019) (Fmax/Nu) = -0,03 log N + 0,9204 Equation 5.19 70 0,73 0,71 0,68 

Lotze (1993) (Fmax/Nu) = -0,0379 log N + 0,9405 New eval. 80 0,70 0,68 0,64 
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Usami et al. 

(1983) 
(Fmax/Nu) = -0,0424 log N + 0,9906 New eval. 100 0,72 0,69 0,65 

Usami et al. 

(1983) 
(Fmax/Nu) = -0,0481 log N + 1,0651 New eval. 120 0,76 0,73 0,68 

Usami et al. 

(1983) 
(Fmax/Nu) = -0,0316 log N + 0,917 New eval. 140 0,72 0,70 0,66 

Usami et al. 

(1983) 
(Fmax/Nu) = -0,0499 log N + 1,0616 New eval. 160 0,75 0,71 0,66 

 

Figure 5.78 Relative maximum load versus embedment depth evaluated at N = 2·106, 107 and 108 

𝐹𝑚𝑎𝑥

𝑁𝑢
= 0,0681 ln  (ℎ𝑒𝑓) + 0,4098 at N= 2·106 (r=0,77)  Equation 5.43 

𝐹𝑚𝑎𝑥

𝑁𝑢
= 0,0675 ln  (ℎ𝑒𝑓) + 0,3842 at N= 107 (r=0,73) 

Equation 5.44 

𝐹𝑚𝑎𝑥

𝑁𝑢
= 0,0667 ln  (ℎ𝑒𝑓) + 0,3475 at N= 108

 (r=0,69) 
Equation 5.45 

The same absolute displacement leads to a higher relative decrease of a shallower embedment depth. 

Furthermore, the worse fatigue performance at shallow embedment depth may be explained by concrete 

technological reasons. The scatter of the material mechanical properties close to the surface also leads 

to a higher scatter of the test data on fatigue loaded fasteners with shallow embedment depths. Although 

the influence of the increased embedment depth was captured by logarithmic regression, the results 

suggest that the embedment depth has no significant effect on the fatigue behaviour of fasteners in case 

of concrete cone failure above hef > 50 mm. Based on the evaluation of various data sets, the factor βemb 

is proposed to account for the influence of embedment depth on the fatigue life of fasteners in case of 

concrete cone failure (Equation 5.46). 
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Figure 5.79 Influence of concrete strength on the fatigue life in case of concrete cone failure - 

βemb 

𝛽𝑒𝑚𝑏 = −0,1161 ln  (ℎ𝑒𝑓) + 0,6051  Equation 5.46 

In the following, the evaluation of the influence of embedment depth was also made using calculated 

log N values at certain given relative loads. This is because the FIB Model Code also expresses the log 

N in function of the applied loads, so the derived factor which accounts for the influence of the embed-

ment depth shall modify log N. Since the model for the design of anchors against fatigue loading will 

calculate log N at a given relative minimum/maximum load, it is essential to know how the “transform” 

the S-N curve when accounting for the influence of the embedment depth.  

Based on the same regression lines used in Table 5.25, the log N was calculated at Fmax/Nu = 0,8; 0,75; 

0,7; 0,65; 0,6 and 0,65 (Table 5.26). The results are plotted against the embedment depth in Figure 5.80. 

The influence of embedment depth can be described by Equation 5.47 to Equation 5.53. 

Table 5.26 Evaluation of log N at different Fmax/Nu 

Author / Ref. Linear regression hef 0,8 0,7 0,6 0,5 0,4 0,3 0,2 

[-] [-] [mm] [-] [-] [-] [-] [-] [-] [-] 

Maruyama (1997) logN = 20,706-22,573(Fmax/Nu) 30 2,65 4,90 7,16 9,42 11,68 13,93 16,19 

Maruyama (1997) logN = 17,014-17,73(Fmax/Nu) 45 2,83 4,60 6,38 8,15 9,92 11,70 13,47 

Tóth (2019) logN = 28,67-31,55(Fmax/Nu) 50 3,43 6,59 9,74 12,90 16,05 19,21 22,36 

Tóth (2019) logN = 29,18-32,82(Fmax/Nu) 50 2,92 6,21 9,49 12,77 16,05 19,33 22,62 

Tóth (2019) logN = 30,65-33,3(Fmax/Nu) 70 4,01 7,34 10,67 14,00 17,33 20,66 23,99 
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Lotze (1993) logN = 24,81-26,38(Fmax/Nu) 80 3,71 6,34 8,98 11,62 14,26 16,90 19,53 

Usami et al. (1983) logN = 23,363-23,584(Fmax/Nu) 100 4,50 6,85 9,21 11,57 13,93 16,29 18,65 

Usami et al. (1983) logN = 22,143-20,79(Fmax/Nu) 120 5,51 7,59 9,67 11,75 13,83 15,91 17,99 

Usami et al. (1983) logN = 29,019-31,645(Fmax/Nu) 140 3,70 6,87 10,03 13,20 16,36 19,53 22,69 

Usami et al. (1983) logN = 21,274-20,04(Fmax/Nu) 160 5,24 7,25 9,25 11,25 13,26 15,26 17,27 

 

Figure 5.80 log N versus embedment depth evaluated at different Fmax/Nu
 

log𝑁 = 1,5077 ln  (ℎ𝑒𝑓) − 2,644 at Fmax/Nu=0,8 Equation 5.47 

log𝑁 = 1,4241 ln  (ℎ𝑒𝑓) + 0,3203 at Fmax/Nu=0,7  Equation 5.48 

log𝑁 = 1,3404 ln  (ℎ𝑒𝑓) + 3,2847 at Fmax/Nu=0,6  Equation 5.49 

log𝑁 = 1,2568 ln  (ℎ𝑒𝑓) + 6,2491 at Fmax/Nu=0,5  Equation 5.50 

log𝑁 = 1,1731 ln  (ℎ𝑒𝑓) + 9,2135 at Fmax/Nu=0,4  Equation 5.51 

log𝑁 = 1,0895 ln  (ℎ𝑒𝑓) + 12,178 at Fmax/Nu=0,3 Equation 5.52 

log𝑁 = 1,0059 ln  (ℎ𝑒𝑓) + 15,142 at Fmax/Nu=0,2 Equation 5.53 

The constants in the above equation show that the embedment depth effect may also be dependent on 

the applied load. It was decided to evaluate Equation 5.47-Equation 5.53 to determine the factor βemb. 

The βemb is a factor to be multiplied with a log N values of a “reference” S-N relation. In this case, S-N 

relation of hef = 50 mm headed stud was chosen as reference, to which all other embedment depths are 



 

FATIGUE BEHAVIOUR OF FASTENERS IN CASE OF CONCRETE FAILURE 235 

 

  

compared to. Note that hef = 50 mm is an arbitrarily chosen value, and it does not influence the calcula-

tion. It only, means, that if embedment depths smaller than 50 mm is used in the design, the βemb will be 

a reduction factor (0< βemb ≤ 1,0). If hef>50 mm is used, the factor βemb will be an increase factor (βemb>1). 

Table 5.27 Evaluation of factor βemb 

 log N calculated according to  

 Equation 5.47 Equation 5.48 Equation 5.49 Equation 5.50 Equation 5.51 Equation 5.52 Equation 5.53 

hef 0,8 0,7 0,6 0,5 0,4 0,3 0,2 

[mm] [-] [-] [-] [-] [-] [-] [-] 

30 2,48 5,16 7,84 10,52 13,20 15,88 18,56 

45 3,10 5,74 8,39 11,03 13,68 16,33 18,97 

50 3,25 5,89 8,53 11,17 13,80 16,44 19,08 

50 3,25 5,89 8,53 11,17 13,80 16,44 19,08 

70 3,76 6,37 8,98 11,59 14,20 16,81 19,42 

80 3,96 6,56 9,16 11,76 14,35 16,95 19,55 

100 4,30 6,88 9,46 12,04 14,62 17,20 19,77 

120 4,57 7,14 9,70 12,27 14,83 17,39 19,96 

140 4,81 7,36 9,91 12,46 15,01 17,56 20,11 

160 5,01 7,55 10,09 12,63 15,17 17,71 20,25 

 ÷3,25 ÷5,89 ÷8,53 ÷11,17 ÷13,80 ÷16,44 ÷19,08 

β
em

b
 

0,76 0,88 0,92 0,94 0,96 0,97 0,97 

0,95 0,97 0,98 0,99 0,99 0,99 0,99 

1,00 1,00 1,00 1,00 1,00 1,00 1,00 

1,00 1,00 1,00 1,00 1,00 1,00 1,00 

1,16 1,08 1,05 1,04 1,03 1,02 1,02 

1,22 1,11 1,07 1,05 1,04 1,03 1,02 

1,32 1,17 1,11 1,08 1,06 1,05 1,04 

1,41 1,21 1,14 1,10 1,07 1,06 1,05 

1,48 1,25 1,16 1,12 1,09 1,07 1,05 

1,54 1,28 1,18 1,13 1,10 1,08 1,06 

 

The evaluated βemb factors are shown in Figure 5.84. The curves cross each other hef = 50 mm because 

hef = 50 mm was set as “reference” embedment depth. It is intended to define the “standard” S-N relation 

for the design of anchors against concrete cone failure using hef = 50 mm and this curve shall be trans-

formed accordingly.  

It is recommended to write up the factor in βemb = a ln (x=hef) + b form, where the parameters a and b, 

according to Figure 5.81, are dependent on Fmax/Nu. The coherence between the parameters a and b and 

the relative loads is shown in Figure 5.82. Note that the points above Fmax/Nu=0,75 were not considered 

in the evaluation, because fatigue relevant loads higher than the characteristic concrete cone capacity 

(NRk,c≈0,75 Nu) will never be applied on fasteners. To avoid an overcomplicated model, the points below 

0,75 were linearly regressed. 
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Figure 5.81 βemb as a function of hef evaluated at different Fmax/Nu
 

Based on the above evaluation, the factor βemb that accounts for the influence of the embedment depth 

is expressed by  

𝛽𝑒𝑚𝑏 = 𝑎 ln  (ℎ𝑒𝑓) + 𝑏  Equation 5.54 

Where 

hef  effective anchor embedment depth 

a  = 0,4393 (Fmax / Nu) – 0,0783 

b  =-1,7183 (Fmax / Nu) + 1,3064 

 

Figure 5.82 Parameters a and b versus Fmax/Nu
 

Alternatively, a very conservative approach can be used for the calculation of the factor βemb by using 

the lower envelope curve in Figure 5.81. The conservative approach uses the curve associated to 
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Fmax/Nu = 0,75 in the shallow embedment range (hef<50 mm), because higher loads than 75 % of the 

ultimate static concrete cone capacity is unlikely to occur as fatigue relevant load on a fastener. At 

greater embedment depths hef>50 mm, it uses the smallest expected increase. The simplified βemb,simp 

factor, which does not account directly for the applied load level may be conservatively given by Equa-

tion 5.55.  

𝛽𝑒𝑚𝑏,𝑠𝑖𝑚𝑝𝑙 = 0,1422 ln  (ℎ𝑒𝑓) + 0,3705 (simplified conservative factor) Equation 5.55 

The effect of the proposed factor (βemb, Equation 5.54) was evaluated at a given concrete strength 

(fcm,cube=32 N/mm2) using different embedment depth. The results of the evaluated S-N relations are 

shown in Figure 5.83. The results of the transformation is the shifting of the reference mean S-N curve 

along the horizontal axis.  

 

Figure 5.83 S-N relations evaluated for different embedment depths using βemb
 

5.4.4 Influence of concrete strength on the fatigue life of headed studs in case of concrete cone 

failure 

To evaluate the influence of concrete strength on the fatigue behaviour of fasteners only limited data 

can be used. The available tests including the newly obtained results from the pulsating tension tests as 

well as literature data cover the concrete strength range from fc ≈ 20 – 50 N/mm2. Therefore, the avail-

able database should theoretically allow us to conclude for the effect of concrete strength on fatigue 

behaviour. However, the different embedment depths were used in the different test series. Knowing the 

influence of the embedment depth (see 5.4.3), the change of two parameters does not enable the precise 

investigation. This issue was, by the way, the main initiative for performing new fatigue tests in low-

strength and high-strength concrete under the same conditions (same headed stud geometry, same em-

bedment depth) to provide systematic investigation. Therefore, only the new results (C20/25 hef=50 mm 
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and hef=70 mm) and those of the literature can be used where only the concrete strength was changed, 

and every other parameter (embedment depth, product, head geometry) was kept unchanged. The newly 

obtained results show a detrimental effect of the increasing concrete strength on the fatigue life of headed 

studs (in case of concrete cone failure). The results of Usami et al. (1983), even after normalising the 

results show the positive effect of the increased concrete strength on the fatigue of concrete cone. Note 

that only the results of Usami et al. (1983) with hef=120 mm were taken.  

The evaluation of the influence of concrete strength was made similarly to the evaluation of the influence 

of embedment depth. The linear regression was made to the newly obtained test results (series fc=32 

N/mm2 and fc=59 N/mm2), and the results of Usami et al. (1983) were also re-evaluated. The data sets 

which were used to investigate the concrete strength are shown in Figure 5.84. The relative maximum 

load (Fmax / Nu) was evaluated at N = 2·106, N = 107 and at N = 108 based on the corresponding regression 

lines. (Table 5.28). The regression lines are described by Equation 5.56, Equation 5.57 and Equation 

5.58 for N = 2·106, N=107 and N=108, respectively. 

 

Figure 5.84 Influence of concrete strength on the fatigue of concrete cone 

Table 5.28 Evaluation of relative maximum load at N=2·106, N = 107 and N = 108 

Author / Ref. Linear regression Comment hef fc 2,00E+06 1,00E+07 1,00E+08 

[-] [-] [-] [mm]   [-] [-] [-] 

Tóth (2019) (Fmax/Nu) = -0,0317 log N + 0,9089 Equation 5.24 50 32,0 0,71 0,69 0,66 

Tóth (2019) (Fmax/Nu) = -0,0305 log N + 0,8891 Equation 5.20 50 59,0 0,70 0,68 0,65 

Usami et al. 

(1983) 
(Fmax/Nu) = 0,0117 log N + 0,6534 New evaluated 120 20,9 0,7271) 0,7351) 0,7471) 

Usami et al. 

(1983) 
(Fmax/Nu) = -0,0516 log N + 1,1602 New evaluated 120 27,9 0,84 0,80 0,75 

Usami et al. 

(1983) 
(Fmax/Nu) = -0,0832 log N + 1,3335 New evaluated 120 37,2 0,81 0,75 0,67 

1)Data set is not used in the evaluation due to the positive slope of the regression line 
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The detrimental effect of the increased concrete strength was shown using the data set of Usami et al. 

(1983) and the newly obtained test results. At N=2·106, the relative maximum load decreases by 10 % 

when the concrete strength is increased from fc=30 N/mm2 to fc=60 N/mm2. The evaluated decrease is 

in good agreement with the data reported for uniaxially loaded concrete (see Section  3.6.3.4). Zhao et 

al. (1996) reported 5 % decrease of the relative maximum stress at N = 106 for uniaxial loaded concrete 

if the concrete strength is increased from fc= 27,6 N/mm2 to fc = 62,7 N/mm2. 

 

Figure 5.85 Relative maximum load versus embedment depth evaluated at N = 2·106, 107 and 108 

𝐹𝑚𝑎𝑥

𝑁𝑢
= −0,136 ln  (𝑓𝑐) + 1,2534 at N= 2·106 (r=0,63)  Equation 5.56 

𝐹𝑚𝑎𝑥

𝑁𝑢
= −0,121 ln  (𝑓𝑐) + 1,1658 at N= 107 (r=0,68) Equation 5.57 

𝐹𝑚𝑎𝑥

𝑁𝑢
= −0,100 ln  (𝑓𝑐) + 1,0404 at N= 108

 (r=0,70) Equation 5.58 

Kim & Kim (1996) reports a 10 % decrease of the fatigue strength at N=105 between the series using 

fc = 26 N/mm2 to fc = 52 N/mm2.  Based on the evaluation and using the most conservative formel (Equa-

tion 5.58), the decrease factor βstrength is recommended to account for the increased concrete strength on 

the fatigue life of fasteners in case of concrete cone failure (Equation 5.59). With this βstrength the Fmax/Nu 

shall be multiplied. 
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Figure 5.86 Influence of concrete strength on the fatigue life in case of concrete cone failure - 

βstrength
 

𝛽𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = −0,139 ln  (𝑓𝑐) + 1,448  Equation 5.59 

However, the model which will later describe the S-N relation for fasteners in case of concrete cone 

failure will express log N as a function of the applied relative minimum and maximum loads. It is there-

fore essential to evaluate log N as a function of the concrete strength. Using the regression lines given 

in Table 5.28, the log N was evaluated at different Fmax/Nu and is contained in Table 5.29. The results 

are also shown in Figure 5.87. The evaluation showed that the influence of the concrete strength is also 

dependent on the load level applied (Fmax/Nu). Below Fmax=0,55 Nu, the influence tends to be rather a 

positive effect (Figure 5.87). This is probably explained by the failure of the curve fittings.  

Table 5.29 Evaluation of log N at different Fmax/Nu 

Author / 

Ref. 
Linear regression hef fc logN at Fmax/Nu  

    0,8 0,7 0,65 0,6 0,55 

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

Tóth (2019) logN = 28,67-31,55(Fmax/Nu) 50 32,0 3,43 6,59 8,16 9,74 11,32 

Tóth (2019) logN = 29,18-32,82(Fmax/Nu) 50 59,0 4,57 6,21 7,85 9,49 11,13 

Usami et al. 

(1983) 
logN = 416,95-526,32(Fmax/Nu)1) 120 20,9 - - - - - 

Usami et al. 

(1983) 
logN = 22,484-19,379(Fmax/Nu) 120 27,9 6,98 8,92 9,89 10,86 11,83 

Usami et al. 

(1983) 
logN = 16,027-12,019(Fmax/Nu) 120 37,2 6,41 7,61 8,21 8,82 9,42 

1)Data set is not used in the evaluation due to the positive slope of the regression line 
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Figure 5.87 log N versus embedment depth evaluated at different Fmax/Nu 

In order to evaluate the factor βstrength, the logarithmic regression lines determined in Figure 5.87 were 

evaluated. By setting fcm,cube=32 N/ mm2 as “reference” strength, the  βstrength factors were determined at 

different load levels (Table 5.30). The results clearly show that the factor βstrength is principally a decrease 

factor and is dependent on Fmax/Nu. The results contained in Table 5.30 were also shown in Figure 5.88. 

If the applied load is lower than 0,55, the factor βstrength may assume a value that is higher than 1. 

Table 5.30 Evaluation of log N at different Fmax/Nu 

       

fcm,cube 0,8 0,75 0,7 0,65 0,6 0,55 

[mm] [-] [-] [-] [-] [-] [-] 

32 5,57 6,66 7,75 8,85 9,94 11,03 

59 3,09 4,59 6,09 7,60 9,10 10,60 

27,9 6,13 7,13 8,13 9,13 10,13 11,13 

37,2 4,96 6,15 7,34 8,54 9,73 10,93 

 ÷5,57 ÷6,66 ÷7,75 ÷8,85 ÷9,94 ÷11,03 

β
st

re
n

g
th

 

1,00 1,00 1,00 1,00 1,00 1,00 

0,55 0,69 0,79 0,86 0,92 0,96 

1,10 1,07 1,05 1,03 1,02 1,01 

0,89 0,92 0,95 0,97 0,98 0,99 
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Figure 5.88 βstrength as a function of hef evaluated at different Fmax/Nu
 

To avoid the complex calculation of βstrength in the design, it was decided not to account for the load 

dependency. The factor βstrength is recommended to be only independent on the actual concrete strength. 

The above evaluation showed that the factor might rather be an increasing factor in the maximum loads 

is less than Fmax/Nu < 0,55. However, there is no experimental evidence for this phenomenon. It is as-

sumed that no higher fatigue relevant loads than Fmax/NRk,c = 0,8 are expected on fasteners. This ratio 

corresponds to Fmax/Nu = 0,6. It is proposed to use the βstrength factor in the entire loading range, which 

was determined for  Fmax/Nu = 0,6 (see Figure 5.88). The proposed factor that accounts for the concrete 

strength in the fatigue design of fasteners is expressed by Equation 5.60.  

𝛽𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = −0,138 ln  (𝑓𝑐𝑚,150) + 1,48  Equation 5.60 

Where 

fcm  mean concrete compressive strength, measured on a = 150 mm cube [N/mm2]  

 

The proposed βstrength factor (Equation 5.60) was evaluated for a certain given embedment depth (hef = 

50 mm) using two different concrete strength classes to check the effect of the curve transformation. 

The result of this evaluation is shown in Figure 5.89. The βstrength factor shifted the S-N curve determined 

for C20/25 downwards as a consequence of increased concrete strength.  
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Figure 5.89 S-N relations evaluated for different embedment depths using βstrength
 

5.4.5 Influence of shoulder width on the fatigue life of headed studs 

The influence of shoulder width on the fatigue life of headed studs was investigated by Lotze (1993). 

His main test results were carried out on Ø = 22 mm headed studs, Ahead = 580 mm2 and ak = 6,5 mm. 

Lotze executed further tests with Ø = 22 mm headed studs, where the head was turned down to a should 

der width of ak = 2 mm and ak = 1,3 mm to increase the head pressure and the check the influence of 

increased head pressure on the displacement behaviour under fatigue loading. Lotze found that the rela-

tive displacement increase is nearly independent on the shoulder width.   

The shoulder width of the tested headed studs in the new tests was ak = 7,5 mm. For a reasonable com-

parison, the relative displacements were read-off at 0,8·Nfailure, likewise to the presented results in Lotze 

(1993). Since the fatigue tests in Lotze (1993) with the ak = 1,3 mm and ak =2,0 mm were performed at 

70 % and 66 % of Nu and knowing the fact the ultimate displacement at fatigue is proportional to the 

applied load, only those new results were taken from the new database, which were carried out in the 

range 65 % to 70 % of Nu.  The comparison of results is shown in  Figure 5.90. The new results fit well 

to the previous findings. The change in the shoulder width does not change the relative displacement at 

80 % of Nfailure significantly. 
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Figure 5.90 Ratio of δ(N=80%) / δstat,ref as a function of shoulder width (new results and results of 

Lotze (1993))  

5.4.6 Influence of head pressure 

The available database includes results on headed studs of various geometry, which makes the evalua-

tion very complicated. The available results from Maruyama (1997), Usami et al. (1983), Lotze (1993) 

and the new results are shown in Figure 5.91.   

 

Figure 5.91 Results on the fatigue of concrete cone as a function of the relative head pressure (p / 

√fc)  
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It can be seen, that the fatigue tests in the above database were carried out using various head geometries, 

head areas, embedment depth and concrete strength. This makes the evaluation of the influence of the 

head pressure nearly impossible that way. It was decided to make one parameter constant to better focus 

on the other parameters. It is important to know whether the same relative applied load a portion of the 

ultimate static concrete cone resistance), which certainly induces different head pressures because of the 

different head areas, leads to differences in the fatigue life. In the following evaluation, the results con-

tained in Figure 5.92 were all carried out at Fmax/Nu=0,66 to 0,7. The results from Lotze and Tóth are 

shown as a function of the Ahead and as a function of the absolute head pressure in Figure 5.92. The 

relative maximum load Fmax/Nu = 0,7 results in different absolute head pressures. The results are also 

plotted as a function of the relative head pressure and are shown in Figure 5.93. It can be seen that if the 

applied load is associated with higher head pressure, the fatigue performance is somewhat worse.  

 

Figure 5.92 Number of cycles at failure (incl. runouts) as a function of Ahead and absolute head 

pressure 

It may be assumed that the head pressure effect would be even present at other evaluated maximum 

stresses. The effect is explained by the fact that the higher head pressure leads to the more pronounced 

local concrete crushing and cracking. The higher stress concentration in the head region leads to a higher 

crack propagation rate leading to a shorter fatigue life. The hereby presented results cover a head pres-

sure of ca. ≤10∙fcm. Literature data show the expansion type anchors induce a relative head pressure of 

20-30·fc,150 at loads associated with concrete cone failure in the load-transfer zone. Based on the above 

evaluation, this may influence the fatigue life of expansion type fasteners negatively. However, for this, 

further experimental evidence is needed.  
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Figure 5.93 Number of cycles at failure (incl. runouts) as a function of Ahead and relative head 

pressure 

5.4.7 Influence of non-constant amplitude on the fatigue life 

The influence of non-constant amplitude was investigated using three different block loading scenarios. 

To the knowledge of the author, the performed programme loading tests were the first of their kind on 

the fatigue of concrete cone failure. The Miner´s sums were calculated using the S-N relation, which 

was determined based on the “reference” pulsating tension. It was established that the Miner´s sums are 

generally well above 1. When decreasing successive loading blocks are applied, the Miner´s sums are 

somewhat smaller, but still above 1. This agrees well to the literature findings. Note that some tests do 

not fulfil the requirement on the Miner´s sums. However, these tests were not considered in the evalua-

tion, because they were carried out at load higher than the (static) characteristic concrete cone capacity. 

Fatigue relevant loads higher than the characteristic concrete cone capacity will never be applied on 

fasteners. In the testing, it was done to save extreme testing times, and this brings, unfortunately, the 

risk of premature failure. The premature failure points were that added to the pulsating tension database, 

and it was shown that they are within the expected scatter. The evaluation of the Miner´s sums was 

additionally evaluated using the secondary cyclic creeps as well. The Miner´s sums were closer to 1, but 

still, well above it. Note that the evaluation of some displacement data was not possible due to technical 

reasons.  

The evaluation of the Miner´s sums verifies the general safety of using the Miner´s Rule in the evaluation 

of the fatigue resistance of fasteners in case of concrete cone failure. The Miner´s sum, also cumulative 

damage of the successive loading blocks shall not exceed 1.  
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5.4.8 Influence of test frequency on the fatigue life: a theoretical model 

The loading cycles are not applied equally distributed over the service life of the fasteners. The load 

cycles applied may be different in terms of stress levels, frequency and the sequence of different load 

levels. It was previously shown in Section 3.3, how the actual loading rate is determined at a certain 

loading frequency. There are controversial results in the literature regarding the influence of frequency 

on the concrete fatigue strength. However, it is a generally accepted approach, that the higher test fre-

quency leads to an increased number of cycles at failure. This conclusion is based on the results executed 

on plain concrete (see 3.6.3.3). The available fatigue tests on fasteners on the concrete breakout failure 

modes were performed in the frequency range of 4-10 Hz (Block (2003), Fuchs (1985), Lotze (1993)) 

which basically does not allow to draw conclusions on the frequency dependent fatigue strength.  

It is well known that the concrete shows a rate dependent behaviour in tension (Ozbolt et al. (2015)). It 

is intuitive that the concrete cone, which is also associated with a tensile fracture, also shows a rate 

dependent behaviour. The rate dependency of the concrete cone was numerically investigated by Ozbolt 

et al. (2006) and experimentally verified among others by Fujikake et al. (2003) and Tóth et al. (2017). 

With increasing loading rate, the ultimate capacity, the crack pattern and the failure mode change. The 

ratio of the concrete tensile or compressive strength at increased loading rate versus the static strength 

is described by the dynamic increase factor (DIF). Three effects govern the rate-dependent behaviour of 

concrete: (1) creep of bulk material between the opening cracks, (2) rate dependency related to crack 

initiation and (3) activation of structural inertia forces (Ožbolt, 2006). Ozbolt showed with numerical 

simulations the rate dependent concrete cone capacity and observed the significant increment of the 

ultimate concrete capacity at higher loading rates.  It is assumed that the beneficial effect of the higher 

test frequency in the fatigue test can be explained by the rate-dependent concrete behaviour. Generally, 

the maximum stress applied during the fatigue test is related to the static strength of the concrete, and it 

is expressed as a percentage of the strength taken from monotonic tests (Ϭmax/fc,static or Ϭmax/ft,static ). In 

case of increased loading frequency, the applied stress should be rather compared to the rate-dependent 

concrete strengths (Ϭmax/fc,rate or Ϭmax/ft,rate) taking into account the DIF. Due to the fact that fc,rate and ft,rate 

are higher than fc,static and ft,static  at increased loading rates, the “real” relative maximum stress/load is 

smaller than it is intended. It is assumed that a more precise comparison of the results is possible if it 

accounted for the DIF of concrete. Note that this new evaluation requires to know the load frequency 

applied in the corresponding tests, which is in certain literature not to be found. 

Although the majority of the fatigue tests on fasteners were performed in a relatively restricted frequency 

range (4 to 10 Hz), there is a need for a theoretical model, which makes the comparison of the different 

test results executed at different loading frequencies possible. In the following, an example is shown for 

a better understanding of the rate dependent concrete strength. 
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Let´s assume a headed stud with hef = 70 mm that has a monotonic concrete cone capacity of 

Nu,stat = 50 kN.  If a fatigue loading test with Fmax=40 kN (rel. maximum load 80%) and Fmin=2 kN (rel. 

minimum load 4%) is executed at f = 4 Hz test frequency, the mean calculated loading rate is about 

𝟆=(40-2)/(1/8)=304 kN/s. If the same fatigue test with the same load levels is carried out at f = 20 Hz 

test frequency, the mean loading rate is 𝟆=(40-2)/(1/40)=1520 kN/s. If the DIF reported by Tóth (2017)  

is accounted for in the evaluation of the real applied loads,  ultimate concrete cone capacity increases 

by 8% at 𝟆=600 kN/s and by 12% at 𝟆=1500 kN/s loading rate compared to the static ultimate load 

(Figure 5.94b). The DIF is calculated as a function of the loading frequency (Tòth et al. (2017)). 

 

Figure 5.94 Rate dependent concrete cone capacity according to Ozbolt (2006) from Tóth et al. 

(2017) 

𝐷𝐼𝐹(𝜅)𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑐𝑜𝑛𝑒 =
1

90
 ln  (𝜅) + 1 κ < 5000 kN/s Equation 5.61 

Where 

DIF(κ)concrete cone dynamic increase factor for the concrete cone capacity [-] 

κ  loading frequency in [kN/s] 

Since the concrete cone capacity is rate dependent, the relative maximum/minimum loads are also rated 

dependent, and it can be expressed according to Equation 5.62 and Equation 5.63. This effect was pre-

viously not considered while comparing data sets from different sources using relative load-number of 

cycles diagrams.  

𝐹𝑚𝑎𝑥(𝜘) =
𝐹𝑚𝑎𝑥,𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐷𝐼𝐹 (𝜅) ∙ 𝑁𝑢,𝑠𝑡𝑎𝑡
 Equation 5.62 
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 𝐹𝑚𝑖𝑛(𝜘) =
𝐹𝑚𝑖𝑛,𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐷𝐼𝐹 (𝜅) ∙ 𝑁𝑢,𝑠𝑡𝑎𝑡
 

Equation 5.63 

The calculated relative maximum and minimum loads of the above-presented example is shown in Table 

5.31. The “standard” evaluation of the results does not account for the rate sensitivity of the concrete 

cone. The first line in Table 5.31 shows a test executed at f = 0,5 Hz frequency. At the calculated loading 

rate of ϰ = 38 kN/s, the real applied maximum load is 77%, at ϰ = 1520 kN/s 74 % of Nu,dyn (κ). 

Table 5.31 Calculation example for relative maximum and minimum loads with DIF 

 

It is assumed that this proposed evaluation method yields in a more precise comparison of the results 

from different sources. Note that this new evaluation requires to know the load frequency applied in the 

corresponding tests, which is in certain literature not given. The increased loading frequency is rather a 

slight beneficial effect on the fatigue performance of fasteners in case of concrete cone failure. The 

calculation example in Table 5.31 showed that the real applied load, taking into account the DIF, remains 

unchanged between f = 8 - 20 Hz test frequency. By increasing the test frequency, the real applied load 

will decrease. Therefore, as a conservative approach, the influence of loading frequency is consequently 

not considered in the evaluation. Note that results generated with high-frequency pulsator may serve 

better results than those used for the recent evaluation. If high-frequency pulsators are used for the test-

ing of fasteners in case of the concrete cone, the results may be corrected using the proposed DIF ( 

Equation 5.61). Note that the proposed DIF is subject to change because of the size effect and therefore 

it is not valid for an arbitrary embedment depth. To account for the size effect on the DIF, the research 

of Ozbolt et al. (2006) shall be consulted. 

Ultimate 

load  

Test 

frequency 
Loading rate 

Maximum 

load 

Minimum 

load 

Rel. Maximum 

load 

Rel. Minimum 

load 

DIF 

(ϰ)⸱Nu,stat  
f 

ϰ  

= (Fmax-

Fmin)·2f 

Fmax Fmin Fmax ( ϰ ) Fmin ( ϰ ) 

[kN] [Hz] [kN/s] [kN] [kN] [%] [%] 

52 0,5 38 40 2 0,77 0,04 

53,6 8 608 40 2 0,74 0,04 

54,1 20 1520 40 2 0,74 0,04 
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5.4.9 Summary and conclusions of the investigated influence factors 

In Section 5.4, the influence of different minimum and maximum loads (Fmin and Fmax), embedment 

depth (hef), concrete strength (fcm,cube), , shoulder with (ak), head pressure (p/√fcm,cube) and loading fre-

quency (f) was discussed. Using the newly obtained test results along with a large number of literature 

data, these influence factors were evaluated as a function of the log N.  

The influence of different minimum loads was investigated in Section 5.4.2 using the new fatigue model. 

The new fatigue model is described in 5.2. The FE-Model of headed studs with hef=50 mm and hef=70 

mm were made. The mean and characteristic Wöhler-curves were obtained for the corresponding data 

sets using all possible calibration curves in each case. The C and m constants were determined. Under 

pulsating tension, by varying the minimum load in the proposed formula, the mean S-N curves could be 

determined for different minimum (tensile) loads. A model was derived which calculates log N and 

which accounts for both the relative maximum and minimum loads under pulsating tension (Equation 

5.38 and Equation 5.39 for hef=50 mm and hef=70 mm). Under alternating tension-compression, the new 

proposed fatigue model should have been slightly modified. Even under alternating tension-compres-

sion, the S-N curve shall asymptotically approach zero at infinite number of cycles, which is mathemat-

ically only possible if Gmin in the new model is equal to zero. This change in the model, however, did 

not make it possible to just change Gmin, in order to obtain further S-N curves for different compressive 

minimum loads. To overcome these difficulties, the concept of Cornelissen (1984) was overtaken and 

implemented. The proposed formula for alternating tension-compression takes into account the effect 

of different minimum compressive loads in the same way proposed for plain concrete (Equation 5.42). 

The influence of various embedment depths was investigated and evaluated in Section 5.4.3. It was 

found that the fatigue life decreases at shallow embedment depth and it increases with increasing em-

bedment depth. However, the evaluation of test data shows that the increase in log N is not significant 

if the hef>50 mm. The detrimental effect of the shallow embedment depth on the fatigue life is due to 

the scatter of the material near to the concrete surface. To account for the influence of embedment depth, 

the factor βemb is proposed, which is not only dependent on the actual embedment depth, but also on the 

applied load. The factor is described by  Equation 5.54, and it is to be multiplied with log N. It is very 

important to note that the findings over the beneficial effect of the embedment depth do not contradict 

with well-known the size effect. The influence of embedment depth is rather considered as a negative 

influence at shallow embedment depth due to concrete technological reasons. 

The influence of concrete strength was evaluated as a function of Fmax/Nu and as a function of log N in 

Section 5.4.4. With increasing concrete strength, the fatigue life decreases slightly. The detrimental ef-

fect of the increased concrete strength on the concrete fatigue life agrees well with the research data 

addressing this issue (see Section 3.6.3.4). The detrimental effect is not very significant, but it is defi-

nitely present. The proposed S-N relation for concrete in fib MC 2010 handles the influence of concrete 
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strength in a way that the database used to determine the S-N relation covers results from normal strength 

concrete up to ultra-high strength concrete as well. In the fastening technology, most of the tests were 

performed in 25-35 N/mm2 concrete, and consequently, the effect of higher strength concrete was not 

accounted for in the previous existing evaluations. Based on the presented evaluation, the factor βstrength 

is proposed that accounts for the actual concrete compressive strength. The evaluation shows that βstrength 

is not only dependent on the concrete strength but also on the applied load. The evaluation let us con-

clude that the βstrength may be an increase factor if the applied relative maximum load is below 

Fmax/Nu<0,55. Note that there is no experimental evidence for this phenomenon. Since the concrete 

strength effect is not very significant; it was decided not to account for the dependency on the applied 

relative load to avoid overcomplicated calculation. As a conservative approach, the βstrength, which was 

evaluated at Fmax/Nu=0,75 (corresponds to approximately NRk,c) is proposed as a factor. The proposed 

factor βstrength that accounts for the actual concrete strength is described by Equation 5.60. The calculated 

log N shall be multiplied with the proposed βstrength factor.  

The influence of shoulder width and different head pressures were investigated in 5.4.5 and 5.4.6. The 

evaluation of the results show that different should width at the same relative applied load does not 

affect the ultimate relative displacement (su,fatigue/su,stat) at fatigue failure. By applying the same load on 

different head geometries, the head pressure changes. At the applied same load and decreased head area 

(Ah), the head pressure increases. The evaluation of the influence of the head pressure was conducted at 

a load level Fmax/Nu=0,66 - 0,7.  If the same load is introduced into the concrete at a smaller head area 

(higher pressure), the fatigue life decreases. The presented results cover a head pressure of ca. ≤10∙fcm. 

The head pressure invoked by expansion type anchors is even higher than the local pressures caused by 

headed type cast-in anchors. The different anchor types may be taken into account in the design by 

proposed pre-factors. This would probably be a reasonable explanation for the phenomenon, why the 

results on undercut anchors reported by Block (see Figure 5.57) are somewhat below the other reported 

results. However, for the introduction of such pre-factors, further experimental evidence is required. 

The influence of non-constant load amplitude on the fatigue life of fasteners in case of head studs was 

investigated via programme loading tests.  The evaluation of the results proved the general safety of the 

use of the Miner´s rule. The total damage (Miner´s sum) of the successive loading blocks must be smaller 

than M ≤ 1. The transfer of the Miner´s rule (M ≤ 1) to other failure modes that the concrete breakout 

failure needs further experimental evidence. 

The influence of test frequency was investigated in Section 5.4.8. The literature data available for plain 

uniaxially loaded concrete concludes in a rather beneficial effect of the increased loading frequency on 

the concrete fatigue life. It is assumed that the real relative applied load is smaller than the targeted load 

level because of the rate dependent concrete behaviour. If the dynamic increase factor (DIF) is accounted 

for, the real applied loads could be evaluated. However, most tests on fasteners were carried out at 
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approximately f = 4 to 10 Hz loading frequency, where this effect is rather non-existent according to the 

hand calculation shown in Section 5.4.8. Although the increased loading frequency decreases the real 

applied load, which would theoretically lead to a better fatigue performance, the effect of loading fre-

quency is consequently neglected in further considerations. 
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6 PROPOSALS FOR THE FATIGUE DESIGN OF FASTENERS IN CASE OF 

CONCRETE CONE FAILURE 

6.1 Concept of the proposal 

In this following section, a design method for fasteners in case of concrete cone failure is proposed. In 

the proposed model, the findings of the evaluation of different influences (embedment depth, concrete 

strength, different minimum load) are implemented. The basis of this recent proposal is the evaluation 

of different influence factors using 167 test results ended up by concrete cone failure from different 

authors. The executed fatigue tests are associated with concrete cone failure in uncracked concrete. 

Therefore, it is basically valid for uncracked concrete. The application of the model in cracked concrete 

and the transfer of the hereby presented S-N relations and formulas to other concrete breakout failure 

modes of fasteners is not recommended without further experimental evidence. 

The derived S-N relations were compared to the proposed S-N relations of fib Model Code 2010 valid 

for plain concrete. The results in pulsating tension generally confirm the S-N relations proposed by the 

fib Model Code 2010. Actually, the fib Model Code 2010 could be used as a conservative approach for 

the fatigue design of fasteners in case of concrete cone failure (comparison see Figure 5.57). Based on 

the fracture mechanical background, the fatigue of the concrete cone may be somewhat better than the 

fatigue performance of uniaxial loaded plain concrete. This was confirmed by nearly all 167 results 

which were considered in the evaluation of the PhD work. The S-N relations proposed for the fatigue 

design of fasteners under pulsating tension are slightly above those proposed for uniaxial loaded plain 

concrete.  

To the knowledge of the author, the newly obtained results in alternating tension-compression are the 

very first results of its kind in the fastening technology. The fib Model Code proposes the same S-N 

relation for pulsation tension and for alternating tension-compression, without giving a limit for the 

compression. The newly obtained results in tension-compression were compared to the S-N relation for 

pulsating tension-compression/alternating tension compression proposed by the fib Model Code 2010, 

as well as to the alternating tension-compression curve proposed by Cornelissen (1984) in Figure 5.59. 

It was established that the fib MC2010 pulsating tension-compression/alternating tension-compression 

relation may be adequate if the compressive minimum stress does not exceed 10% of fc. By the further 

increase of the compressive minimum load, the fib S-N relation might be unsafe. Therefore, the S-N 

relations for the tension-compression loading case were determined using the new results and were ex-

tended using the findings of Cornelissen (1984). 

The hereby proposed fatigue verification covers the design of fasteners (post-installed and cast-in) in 

case of pulsating tension and alternating tension-compression. In the case of alternating tension com-

pression, the clearance hole in the anchor plate or in the attached component is pre-positioned, and in-
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place installations are allowed. According to this proposal and in line with the existing concrete fatigue 

design concepts, a two-level verification is recommended, namely Level 1 and Level 2 verification. The 

Level 1 verification is recommended for the evaluation of the fatigue resistance if constant load ampli-

tude is foreseen. The verification is successful if the calculated log N at the desired load level is higher 

than the expected number of cycles. Note that this recent proposal focuses mainly on the resistance side. 

Recommendations were given for how to predict the expected number of cycles on different common 

applications in Section 4.2.1. The concept of the design proposal is to define a “standard” characteristic 

S-N relation for a given embedment depth for C20/25 (fcm,cube≈32 N/mm2). The given embedment depth 

was selected to be hef =50 mm. Separate equations will be proposed for pulsating tension and for alter-

nating tension-compression that calculate log N as a function of the applied relative minimum and max-

imum loads. The calculated log N0 shall be multiplied with factors βemb⸱βstrength to account for the actual 

embedment depth and concrete strength. 

 The Level 2 verification is a more complex fatigue verification. It accounts for damage caused by suc-

cessive loading blocks using the linear damage accommodation. The damage caused at the different load 

levels is to be calculated using the S-N relations defined under the Level 1 verification. It is a prerequisite 

for the Level 2 verification to know the exact loading history is well-known throughout the service life. 

6.2 Characteristic Wöhler-curves 

6.2.1 Pulsating tension 

In the previous sections, the different influence factors were derived and using them; the mean Wöhler-

curve was “shifted”. In the design proposal, the characteristic Wöhler-curves are used. The proposed 

influence factors βemb and βstrength remain unchanged, and they shall “transform” the characteristic Wöh-

ler-curve.  

The evaluation showed that the influence of embedment depth is not pronounced at greater embedment 

depth than hef ≥ 50 mm. In was discussed in Section 5.4.3 that the negative effect of the shallow embed-

ment depth can be attributed to the material scatter in the concrete properties near to the concrete surface. 

This was the main argument for the decision to take the S-N relation of the newly obtained dataset with 

an effective embedment depth hef=50 mm. For the design purposes, it is important to define the charac-

teristic Wöhler-curve for this data set as a function of the applied minimum and maximum loads. The 

characteristic Wöhler-curve for the dataset (C20/25, hef=50 mm) was determined using the new evalua-

tion method by evaluation of the 5% fractile values in multiple vertical cuts in the S-N diagram. The 

experimental dataset (headed stud, hef = 50 mm, C20/25, Fmin=0,1 mm), the previously determined mean 

S-N relation and the determined characteristic Wöhler-curve are shown in Figure 6.1 For the better 
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mathematical handling, the determined (evaluated) characteristic Wöhler-curve was approximated with 

a curve (green dotted curve). Note that the characteristic Wöhler curve is valid for Fmin=0,1 Nu and the 

corresponding constants are C= 1,586·10-5 and m = 8,66. The characteristic Wöhler-curve is expressed 

by Equation 6.1 as a function of the applied loads.  

 

Figure 6.1 Derived characteristic Wöhler-curve for headed stud hef=50 mm (in C20/25, 

Fmin=0,1·Nu) under pulsating tension and its approximation 

log𝑁0 = 8,66 ∙ log
3,54

(
𝐹𝑚𝑎𝑥
𝑁𝑢

)
2,25

− (
𝐹𝑚𝑖𝑛
𝑁𝑢

)
2,25 − 4,8 pulsating tension 

hef=50 mm, C20/25 
Equation 6.1 

The S-N relation described by Equation 6.1 was evaluated for different maximum and minimum load 

combinations and the results are shown in Figure 6.6. From the practical point of view in the design, it 

would be easier to put the percentage value of the characteristic concrete cone resistance into the for-

mula. Assuming 15% coefficient of variation of the concrete cone capacity, the characteristic concrete 

cone capacity can be calculated as NRk,c= Nu,m(1-1,645·0,15)=0,75 Nu,m. By inserting Nu = 1,33 NRk,c 

into Equation 6.1, the formula of characteristic Wöhler-curve can be rewritten as follows (Equation 6.2): 

log𝑁0 = 8,66 ∙ log
7,95

(𝑆𝑚𝑎𝑥)
2,25 − (𝑆𝑚𝑖𝑛)2,25

− 4,8 pulsating tension Equation 6.2 

Where 

Smax  =Fmax / NRk,c [-] 

Smin  =Fmin / NRk,c [-] 
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Figure 6.2 Characteristic Wöhler-curve for headed stud hef = 50 mm in C20/25 under pulsating 

tension with various minimum loads evaluated according to Equation 6.1 

 

Figure 6.3 Characteristic Wöhler-curve for headed stud hef = 50 mm in C20/25 under pulsating 

tension with various minimum loads evaluated according to Equation 6.2 

6.2.2 Alternating tension-compression 

The characteristic Wöhler-curve for the dataset (C20/25, hef=50 mm) was determined using the new 

evaluation method by evaluation of the 5% fractile values in multiple vertical cuts in the S-N diagram. 

The experimental dataset (headed stud, hef = 50 mm, C20/25, σmin=0,1 fc), the previously determined 

mean S-N relation and the determined characteristic Wöhler-curve are shown in Figure 6.4. For the 
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better mathematical handling, the determined (evaluated) characteristic Wöhler-curve was approxi-

mated with a curve (green dotted curve). Note that the characteristic Wöhler curve is valid for Fmin=0,1 

Nu and the corresponding constants are C= 3,3·10-2 and m = 3,34. The characteristic Wöhler-curve is 

expressed by Equation 6.3 as a function of the applied loads.  

 

Figure 6.4 Derived characteristic Wöhler-curve for headed stud hef=50 mm (in C20/25, 

σc=0,1·fcm,150) under alternating tension-compression and its approximation 

log𝑁0 = 3,34 ∙ log
3,26

(
𝐹𝑚𝑎𝑥
𝑁𝑢

)
3,33 − 1,22 − 2,59(

𝜎𝑚𝑖𝑛

𝑓𝑐𝑚,𝑐𝑢𝑏𝑒
) alternating tension-

compression 
Equation 6.3 

The S-N relation described by Equation 6.1 was evaluated for different maximum and minimum load 

combinations and the results are shown in Figure 6.6. From the practical point of view in the design, it 

would be easier to handle the fraction of the characteristic concrete cone resistance in the Equation . 

Assuming 15% coefficient of variation of the concrete cone capacity, the characteristic concrete cone 

capacity can be calculated as NRk,c= Nu,m(1-1,645·0,15)=0,75 Nu,m. Furthermore, the ratio of the charac-

teristic and mean concrete compressive strength is also ca. fck=0,75fcm. By inserting Nu = 1,33 NRk,c and 

fcm,cube=1,33fck into the Equation 6.3, the characteristic Wöhler-curve can be rewritten as follows (Equa-

tion 6.4): 

log𝑁0 = 3,34 ∙ log
8,5

(𝑆𝑚𝑎𝑥)
3,33

− 1,22 − 1,94 (
𝜎𝑚𝑖𝑛

𝑓𝑐𝑘
) 

alternating tension-

compression 
Equation 6.4 

Where 

Smax  =Fmax / NRk,c [-] 
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Smin  =σmin / fck [-] 

6.3 Proposal for the fatigue design of fasteners in case of concrete cone failure 

In the Level 1 verification, for the concrete fatigue design of fasteners, the following characteristic Wöh-

ler-curves with different minimum loads are recommended. 

The number of cycles at failure at a given minimum and maximum load is calculated according to Equa-

tion 6.5. 

𝐥𝐨𝐠𝑵 = 𝐥𝐨𝐠𝑵𝟎 ∙ 𝜷𝒆𝒎𝒃 ∙ 𝜷𝒄𝒐𝒏𝒄𝒓𝒆𝒕𝒆 Equation 6.5 

where 

𝜷𝒆𝒎𝒃:  factor that accounts for the effective anchor embedment depth  

  = η1 ln(hef) + η2 

hef  effective embedment depth [mm] 

η1  = 0,4393 (Fmax / Nu) – 0,0783 

η2  =-1,7183 (Fmax / Nu) + 1,3064 

  Conservatively,  η1= 0,142 and η2=0,37 can be used in the calculation of 𝜷𝒆𝒎𝒃  

𝜷𝒄𝒐𝒏𝒄𝒓𝒆𝒕𝒆: factor that accounts for the actual concrete compressive strength 

  = -0,138 ln (fc) + 1,4791 

fc  concrete compressive strength [N/mm2] 

In Equation 6.5,  log N0 is calculated in case of pulsating tension according to Equation 6.6 and in case 

of alternating tension-compression according to Equation 6.7. 

log𝑁0 = 8,66 ∙ log
7,95

(𝑆𝑚𝑎𝑥)
2,25 − (𝑆𝑚𝑖𝑛)2,25

− 4,8 pulsating tension Equation 6.6 

Where 

Smax  =Fmax / NRk,c [-] 

Smin  =Fmin / NRk,c [-] 

NRk,c  =characteristic concrete cone capacity [kN] 

log𝑁0 = 3,34 ∙ log
8,5

(𝑆𝑚𝑎𝑥)
3,33

− 1,22 − 1,94(
𝜎𝑚𝑖𝑛

𝑓𝑐𝑘,𝑐𝑢𝑏𝑒
) 

tension-compres-

sion 
Equation 6.7 

Where 



 

PROPOSALS FOR THE FATIGUE DESIGN OF FASTENERS IN CASE OF CONCRETE 

CONE FAILURE 

259 

 

  

Smax  =Fmax / NRk,c [-] 

Smin  =σmin / fck [-] 

NRk,c  =characteristic concrete cone capacity [kN] 

fck,cube  =characteristic concrete compressive strength (cube a=150 mm) [N/mm2] 

The compression σmin is calculated as a result of surface compression below the anchor plate at hef depth 

assuming that the compressive stress spreads out under 45° in the concrete. σmin may be expressed by 

Equation 6.8 for a quadratic anchor plate. 

Ϭ𝑚𝑖𝑛 (ℎ𝑒𝑓) =
𝐹𝑚𝑖𝑛

(𝑎 + 2ℎ𝑒𝑓)
2
  Equation 6.8 

 

Equation 6.6 and Equation 6.7 are evaluated for an anchorage with hef=50 mm embedment depth, and 

fck = 25 N/mm2 and the generated S-N relation are shown for certain minimum loads in Figure 6.5 

 

Figure 6.5 Characteristic Wöhler-curve, evaluated for hef=50 mm in C20/25 with different mini-

mum tensile loads (Fmin/FRk,c) and minimum stresses (σmin/fck,cube)  

In the Level 2 verification, the number of cycles at the different successive loading blocks may be cal-

culated using – for instance – the Rainbow method. The fatigue damage caused in each successive load-

ing block may be determined using Equation 6.6 in pulsating tension and Equation 6.7 in alternating 

tension-compression. The fatigue of concrete cone failure is ruled out if Equation 6.9 is fulfilled.  
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𝑀 =
𝑛1

𝑁1
+

𝑛2

𝑁2
+ ⋯+

𝑛𝑗

𝑁𝑗
= ∑

𝑛𝑖

𝑁𝑖

𝑗

𝑖=1

= ≤ 1 Equation 6.9 

6.4 Verification of the proposed design concept and comparison with other proposed S-N relations 

In this Section, it is shown how the proposed standard S-N relation is being transformed by the intro-

duced βemb and βstrength factors. Note that the verification was done at mean value level using the three 

newly obtained data set and the data set of Lotze (1993). 

For the data sets, the log N was determined according to the proposed mean S-N relations which account 

for the actual embedment depth (hef), concrete strength (fcm,cube) and applied loads (Fmax and Fmin). The 

S-N curves (new design concept) and the original S-N curves (linear regression) are compared in Figure 

6.6. It can be seen that the S-N relations evaluated according to the proposed model (solid lines) deliver 

more conservative curves than the original linear regression curves (dashed lines). This proves that the 

proposed model delivers safe and robust results. 

 

Figure 6.6 Comparison of the S-N relation (new model) with the linear regression lines 

The “success” of curve fitting was evaluated using the calculated standard deviation the residuals 

(RMSE: root-mean-square error). Using this method, it can be verified, how the determined S-N relation 

replicates the originally derived linear regression lines. Basically, the smaller the RMSE is, the better 

the curve fit is.  
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The verification can only be made using load levels smaller than Fmax/Nu ≤ 0,75. The reason for that is 

because the function that expresses the constants required for the calculation of βemb and βstrength delivers 

reasonable results up to 0,75 Nu. First, the RMSE was calculated against the originally determined cor-

responding linear regression lines. Secondly, the RMSE was determined to describe the deviation of the 

dataset to the S-N relation which was determined using the new design concept. The RMSE (new model) 

versus the RMSE (original linear regression) is shown in Figure 6.7. In case of the dataset with hef=50 

mm in C20/25, the new proposed S-N relation is more conservative than the original linear regression 

line and the RMSEnew = 0,59 is smaller that RMSEoriginal=0,69. The RMSE of the new S-N curve calcu-

lated for the dataset hef=50 mm in C50/60 concrete is almost identical with the RMSE of the original 

linear regression line (RMSEnew = 0,54, RMSEoriginal = 0,55). Although the RMSEnew=0,52 of the derived 

S-N relation for the dataset hef=70 mm is higher than RMSEoriginal=0.29, the new model is still more 

conservative. It is important to note the RMSEnew values are all in the range of 0,52-0,59. The evaluation 

of the calculated RMSEs shows that the new design concept delivers robust results and captures the 

influence of embedment depth and concrete strength in a conservative way. 

 

Figure 6.7 Comparison of RMSE (vs new design concept) to RMSE (vs original linear regres-

sion) 
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6.5 Comparison the derived characteristic Wöhler-curves with existing proposals  

The characteristic Wöhler-curves under pulsating tension and under alternating tension were evaluated 

for a hef=50 mm headed stud in C20/25 (fck=25 N/mm2) according to model described by Equation 6.5. 

The Wöhler-curves were compared with the following data and proposed Wöhler-curves: 

- All data (167 pull-out test results from authors Block (2001), Lotze (1993), Maruyama (1997), 

Usami et al. (1983) 

- Wölher-curve proposed in the draft of the fib Bulletin 58 for concrete cone failure 

- Wöhler-curve defined in EN1992-4 for concrete cone failure 

- Wöhler-curve defined in fib MC2010, plain concrete under pure pulsating tension and alternat-

ing tension-compression 

The comparison is shown in Figure 6.8. The experimenta datasets in this recent comparison were con-

sidered without defining the parameters for the individiual failure points. 

  

Figure 6.8 Comparison of the propsed S-N curves with the existing proposals and the experi-

mental database 

The comparison yielded the following conclusions: 

- The derived new Wöhler-curves are less conservative in the cyclic range N < 1011. However, it 

is to note, that the cyclic range N > 1011 might not be relevant for fatigue relevant applications 

of fasteners. 
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- Although the new proposed S-N curves are less conservative than the other comparison curves, 

the comparison with the experimental database show that only 5 tests out of 167 fell below the 

lowest determined S-N curve. This is less than 3 % of the total number of tests. It is well known  

- Therefore, the characteristic Wöhler-curve (5 % fractile) is found to be sufficiently precise and 

accurate. 

- The evaluation of the alternating tension-compression tests clearly show that the current design 

proposal does not provide a safe design in case of alternating loading. The results clearly show 

the need for the extension of the current design proposals to cover the alternating tension-com-

pression loading case with sufficient accuracy.  

6.6 Proposal for the fatigue design of fasteners in case of steel failure under tension 

The experimental database for the steel fatigue failure of fasteners was compared to the S-N relation 

proposed for the fatigue detail-category 50 of EN1993-1-9. This is the FAT50 detail category, which 

shall be valid for threaded bolts. Although the FAT50 Wöhler-curve does not differentiate between 

different manufacturing methods, coatings and post-treatments, its practical use may be a conservative 

solution, if no other product specific, S-N relation is available. Furthermore, the FAT50 Wöhler-curve 

does not account for different minimum loads. Therefore, it may be very conservative in certain cases 

and the influence of the static load on the fatigue life must be addressed by further studies.  
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7 SUMMARY AND OUTLOOK 

In this PhD work, the fatigue behaviour of fasteners in case of concrete cone failure was investigated 

extensively. The literature review revealed the need for more systematic investigations to capture the 

fatigue behaviour of fasteners in case of concrete cone failure in order to come out with a design pro-

posal, which is similar to the ones existing for plain concrete. The performed literature review at material 

level and the overview of the existing test data for fasteners yielded several open questions.  

This dissertation focused on the systematic investigation of different influence factors such as various 

tensile and compressive minimum loads, the influence of embedment depth, the influence of concrete 

strength, the influence of loading frequency.  

Within the framework of this PhD work, a new evaluation method was developed. The new evaluation 

is capable of determining mean and characteristic S-N relations using experimental data extended with 

cyclic numerical analysis. The model is furthermore capable of determining the S-N curve over the 

entire loading range, and furthermore, it is capable of determining S-N curves for arbitrarily chosen 

minimum loads after calibration. It was shown using two independent datasets that the new model de-

livers robust and reliable results.  

In this dissertation, 96 fatigue tests were carried out to investigate the fatigue behaviour of fasteners in 

case of concrete cone failure. The performed systematic investigations include 51 constant amplitude 

pulsating tension tests (47 tests see in Table 5.11, 4 tests see in Table 5.12), 15 non-constant amplitude 

programme loading tests and 30 constant amplitude alternating tension-compression tests. The pulsating 

tension tests were executed to (1) investigate the influence of embedment depth, to (2) investigate the 

influence of increased concrete strength and (3) to verify the safety of using the linear damage accumu-

lation in case of concrete cone failure. Furthermore, it was a general aim to generate failure points in the 

Wöhler-graph in the cyclic range of N > 107. 

The alternating tension-compression tests were carried out the address a special loading case in the 

fastening technology. Due to the presence of a clearance hole in the loading fixture in case of pre-posi-

tioned, in-place installation the concrete may be loaded in compression. Note that the pre-positioned and 

in-place installations present the majority of applications of post-installed anchors. Literature data indi-

cate the detrimental effect of compressive load reversals on concrete tensile fatigue life, even at rela-

tively small compressive (minimum) stresses. It was therefore assumed, that the alternating tension-

compression loading in case of fasteners leads to the significant decrease of the fatigue life compared 

with pulsating tension. The 30 executed alternating tension-compression tests are the first tests of their 

kind to the knowledge of the author. For the tests, a complex test setup was designed. The results of the 

alternating tension-compression tests were compared to the pulsating tension tests, and comparison has 
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confirmed the assumption regarding the detrimental effect. The new results are well documented in the 

dissertation and all displacement data were evaluated as well. 

The newly obtained tests results were compared to the literature data available for plain concrete and 

for concrete cone as well. The comparison the test data with the uniaxially loaded plain concrete showed 

that the results are generally better that the expected fatigue behaviour of uniaxially loaded plain con-

crete. The detrimental effect of compressive load-reversals was also compared to results, which were 

obtained for uniaxially loaded plain concrete. It was observed that the relative change in the fatigue life 

(pulsating tension vs alternating tension-compression in case of the concrete cone compared to pulsating 

tension vs. alternating tension-compression in case of uniaxial tests) is less pronounced in case of con-

crete cone. For a better understanding of this phenomenon, the fracture mechanics of the fatigue loaded 

fastener and fatigue loaded plain concrete was discussed in detail. It was found that the slightly better 

performance of concrete cone can be attributed to grading-effect. Furthermore, the fracture mechanical 

considerations of the fatigue loaded fasteners in case of concrete cone revealed that the stresses acting 

perpendicular to the cracks show a temporary decrease with an increasing number of cycles at it in-

creases again after the total length of the crack exceeds the length of the fracture process zone (FPZ). 

This a considerably beneficial effect compared with the uniaxially loaded plain concrete, where the 

stresses rather show a continuous increase over the intact concrete zones during the fatigue damage 

process. 

After the discussion of the results, the different influencing parameters were evaluated systematically. 

The evaluation of the different influence factors was performed using a joint data base, which was cre-

ated using the newly obtain test data extended with data taken from the literature.  

The influence of various minimum and maximum loads were investigated using the new model, which 

can predict log N for arbitrarily chosen maximum and minimum loads. For the investigations, the FE-

Model of headed studs with hef  = 50 mm and hef = 70 mm were discretized. Using the new evaluation 

method, mean S-N relations were derived, and the determined mean S-N relation was also described 

with corresponding formulas. The corresponding formulas can calculate log N for arbitrarily chosen 

minimum and maximum loads. 

The influence of the embedment revealed that the decreasing embedment depth might have a detrimental 

effect on the fatigue life of fasteners. This concerns anchorages with shallow embedment depths and 

can be attributed to the scatter of the concrete mechanical properties close to the concrete surface. It was 

observed, however, that the change of the fatigue life is non-significant at greater embedment depths 

that hef > 50 mm.  This is further evidence for a local material scatter caused the phenomenon in case of 

fasteners with shallow embedment depths. Based on the systematic evaluation of the influence of the 

embedment depth, the introduction of the factor βemb was proposed that accounts for the actual embed-

ment depth in the calculation of log N. The evaluation furthermore showed that the factor βemb is not 
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only dependent on the embedment depth, but also on the applied load, which is also accounted for in the 

proposed formula of  βemb. 

The evaluation of the influence of the concrete strength concluded in the decrease of fatigue life as a 

result of increased concrete strength. This finding agrees well with the literature data. Based on the 

evaluation using a joint database, the factor βstrength was proposed that should account for the actual con-

crete strength in the fatigue design of fasteners. 

The influence of the shoulder width and head pressure was also investigated using the newly obtained 

data and the dataset of Lotze (1993). The results show that the relative ultimate fatigue displacements (δ 

/δstat,m) are nearly the same with headed studs with different shoulder width. Furthermore, tests were 

taken, which were all performed using Fmax= 70% of Nu, to evaluate the influence of head pressure on 

fatigue life. It was observed that increasing head pressure leads to a slight decrease in the fatigue life. 

However, further investigations are required to precise this effect more accurately in the future.  

The non-constant amplitude programme loading tests were executed using 3 different block loading 

scenarios. The Miner´s sums were evaluated on the S-N basis as well as on secondary creep basis. The 

results confirm the general safety of the use the Miner´s hypothesis. 

The influence of the loading frequency was only investigated theoretically. It is assumed that the bene-

ficial effect of the increased loading frequency can be explained by the rate dependent concrete behav-

iour.  The increasing loading frequency leads to an increase of the loading rate as well. Since the concrete 

cone capacity also increases with increasing loading rate, the real applied loads may be smaller, which 

shall lead to longer fatigue life. However, a calculation example shows that the influence of loading 

frequency is not significant in the range from f = 8 Hz to 20 Hz. As a conservative approach, the influ-

ence of loading frequency was consequently neglected in the evaluation.  

After the comprehensive investigation of the different influence factors, an engineering model was de-

veloped, which incorporates the proposed βemb and βstrength factors. The concept of the new design pro-

posal is in line with the concept of fib MC2010 for concrete. The general concept was to define a “stand-

ard” Wöhler-curve which is valid for a fastener with hef = 50 mm effective embedment depth and in 

C20/25 concrete. For this standard case (hef = 50 mm, C20/25), the model calculates log N0 for arbitrary 

chosen relative maximum and minimum loads. The loads are to be defined as a fraction of the charac-

teristic concrete cone capacity. According to the developed model, the log N0 is multiplied by factors 

βemb (hef; Smax; Smin) and βstrength (fc,cube) to calculate the final log N. The design concept delivers a charac-

teristic Wöhler-curve. The fatigue design is fulfilled if the expected number of cycles log Nexpected is 

smaller than the calculated log N.   

The new design concept was compared to the existing design proposals. It was found that the new model 

is less conservative than the existing design proposals. The comparison the used experimental data set 
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with new model showed that less than 3 % out of 167 tests fell beyond the determined S-N relation, 

which was determined for hef=50 mm assuming C20/25. The 3 % is already a good proof for the safe 

design concept and is shows the general safety of the determined characteristic Wöhler-curves.   
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