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Abstract: This contribution focusses on the fatigue damage assessment of concrete samples using 

wide-range experimental data. Within this study, the concrete samples were tested under various 

loading conditions: static fracture, low-cycle and high cycle fatigue. This allowed us to obtain static 

load-CMOD, S-N curves for fatigue lifetime assessment, and mainly CMOD-N curves showing the 

stiffness degradation at high-cycle fatigue load regime. The low-cycle fatigue resistance is assessed 

from stepwise load-CMOD curves with increasing CMOD value every step, allowing to analyse 

damage growth between each load cycle. This study investigates the fatigue resistance of concrete 

samples by combining all of these experimental data and could provide useful recommendation for 

structural design. 
 

1 INTRODUCTION 

Concrete structures form an essential part of 

the local and global infrastructure, and their 

lifespan is usually measured in decades. Many 

structures such as highway and railroad bridges, 

railway sleepers, offshore structures are 

exposed to repeated load and fails due to fatigue 

rupture of concrete [1].  

The fatigue tests of plain concrete material 

tested in [2][3][4][5] and the results provide 

valuable information to the community of 

structural engineers and helped to improve 

structural safety. Furthermore, fatigue design of 

a structure is considered for the ultimate limit 

state (ULS), while the serviceability limit state 

(SLS) is missing, i.e., the assessment of the 

crack width wc, crack length l and deflection δ. 

This missing SLS fatigue consideration in 

standards may lead to an unoptimized structure, 

which may eventually result in a visible damage 

of load-bearing structural components.  

This contribution focuses on the damage 

assessment of fatigue failure with the whole 

range of fatigue regimes, i.e. low-cycle to high-

cycle. The results of experimental tests are 

presented in form of S-N curve, load-CMOD 

curve, damage-CMOD curve and are providing 

useful information for future structural design. 
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2 THEORETICAL BACKGROUND 

For assessment of fatigue lifetime is the 

most-commonly used S-N curve, which relates 

applied stress S to total number of load cycles 

N. It is then assessed by Basquin’s power law 

[6] in following form: 

𝑆 = 𝐴 ∙ 𝑁𝐵 (1) 

where A is the static strength and B is the 

degradation of the mechanical properties under 

the cyclic load.  

However, the S-N curve finds useful 

application for the concrete structures with 

more than 1×104 loading cycles often 

recognised as a high-cycle fatigue (HCF) 

region. The HCF region is often document by 

low damage occurrence in the tested samples. 

For this reason, it is of the most interest to 

capture early damage propagation leading to 

major lifetime reductions.  

Standard fracture behaviour is obtained from 

static fracture tests with a result of post-peak 

non-linear behaviour with softening branch 

documented by load-CMOD curve. From such 

test one can obtain values of work of fracture 

Wf and fracture energy Gf together with a value 

of CMODIC at P = Pmax. Such value can indicate 

deformation needed to rupture the sample. 

Low-cycle behaviour is obtained from cyclic 

test with step-wise increasing CMOD values of 

upper and lower levels with a result with 

information of post-peak loading and unloading 

behaviour. Such test can be used to characterise 

dissipative mechanisms associated with 

concrete strength degradation under cyclic 

loading. This is documented by a degradation 

of unloading stiffness, which is defined by the 

value of damage δ. The damage parameter δ can 

be calculated as follows:  

𝛿 = (1 −
𝐸𝑖

𝐸𝑜
),  (2) 

where E0 is the initial elastic stiffness and Ei 

is the current unloading stiffness at each point 

of P-CMOD curve.  

 

3 EXPERIMENTAL DETAILS 

 3.1 Test geometry and test setup 

Three-point bending set-up using beam with 

rectangular cross-section was selected with 

dimension of L = 240 mm, B = 40 mm, a0 = 8 

mm ~ 24 mm and W = 80 mm – See Figure 1.

 
Figure 1: Dimension of samples used for static and 

fatigue experimental tests.  

Concrete samples were tested under static, 

cyclic and monotonic loading conditions using 

servo-hydraulic testing rig Instron 8872 with a 

maximum load capacity 25 kN. Static and 

cyclic test were performed under a CMOD 

controlled regime, while monotonic tests were 

done with a testing frequency of 10Hz. The 

sample mounted in testing machine is presented 

in  Figure 2. 

 

Figure 2: Dimension of samples used for static and 
fatigue experimental tests.  
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3.2 Material 

Within this study ordinary Portland cement 

(OPC) was selected as a binder. OPC was 

mixed with three fractions of natural 

aggregates: sand 0/4 mm, granite 4/8 mm and 

granite 8/22 mm. A constant dosage of 

polycarboxylate superplasticizer Glenium 300 

(BASF, Germany) was added to the mixture to 

achieve good workability. The water to cement 

ration w/c was 0.3. The mixture composition 

per 1 m3 is shown in Table 1. 

Table 1: Mixture composition per 1m3. 

CEM I 

42.5R [kg] 
Water [kg] 

Superplasticizer 

[kg] 

450 135 9 

Sand 0/4 

[kg] 

Granite 4/8 

[kg] 

Granite 8/22 

[kg] 

866 290 740 

 

In order to characterise concrete behaviour 

static compressive strength fc, static flexural 

strength fct and modulus of elasticity E were 

measured at various age. Measured mechanical 

properties are presented in Table 2. 

Table 2: Measured mechanical properties at various 

age. 

Age [days] 1 28 91 365 

fc [MPa] 
49.9 

± 0.5 

91.5 

± 4.3 

90.4 

± 4 

109.6 

± 1.0 

fct [MPa] - 
8.1 

± 0.4 

9.3  

± 1.1 

10.2 ± 

0.7 

E [GPa] - 
44.2 

± 1.6 

44.7 

± 1.6 

46,6 

± 1.3 

 

The measured mechanical properties 

document the homogeneous material behaviour 

with relatively small dispersion of measured 

strengths and young’s modulus E. 

3.3 Loading scenarios 

 In order to comprehensively characterise 

fracture behaviour of concrete and tackle down 

the fatigue crack growth, we have selected 

following loading cases under which the 

material was tested. 

In total three loading cases were selected: a) 

static fracture with CMOD increasing during 

the test, b) cyclic with CMOD increasing and 

decreasing every load step and c) monotonic 

cyclic with defined maximum and minimum 

force Pmax and Pmin, respectively. The selected 

load cases are presented in Figure 3. 

 

 
Figure 3: Used load cases in the experimental study.  

All three load cases provide different yet 

valuable information on the damage 

mechanisms in concrete sample.  

4 RESULTS AND DISCCUSSION 

We begin the damage assessment with 

fracture tests performed on a sample with 

relative notch ratio a/W of 0.3 according to 

RILEM recommendations [7]. The measured  

P-CMOD curve is presented in Figure 4. 

 
Figure 4: Results of static fracture test.  
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The obtained data served in the assessment 

of the size independent fracture energy GF as 

proposed by Karihaloo [8] and to hinge model 

proposed by Abdalla [9] for constitute cohesive 

σ-w law assessment. The results of static 

fracture tests allow to compare fracture 

behaviour with other concrete materials.  

We continue our damage assessment with 

the results of cyclic tests see Figure 5. 

 
Figure 5: Results of cyclic load test for two notch 

depths. 

In total ten load cycles were performed for 

two different relative notch depths a/W = 0.1 

and 0.3. The longer initial notch depth was 

chosen to reduce the brittleness of the material 

and allow test to be performed in full length. 

Such cyclic test relates damage progress to 

applied CMOD [10]. The damage parameter 

was calculated according to Eq. (2), and the 

result are shown in Figure 6. 

 
Figure 6: Damage propagation obtained from cyclic 

test. 

The damage-CMOD or δ-CMOD curve 

shows rapid damage progress after reaching 

value of 0.05 mm for which the damage  is 

nearly 60%. If this value is compared to CMOD 

at Pmax 0.1 mm obtained from static fracture 

test, the cyclic CMOD is half of this value and 

already evincing 60% of damage. This has 

serious practical implications.  

The results of monotonic fatigue tests are 

presented as S-N curve in Figure 7. 

 
Figure 7: Measured S-N curve.  

The runout of the test was set to 2×106 

loading cycles. When reaching this load cycle 

limit, the test was interrupted and we set the 

applied stress as the fatigue limit.  

Moreover, the S-N curve can be used to 

obtain determined coefficients of Basquin's 

power law, and the results of least square fitting 

are presented in following equation:  

𝑆 = 5.799 ∙ 𝑁−0.024 (3) 

The power coefficient B is in this case  

-0.024, which agrees with the previously 

obtained experimental values ranging from -

0.015 to -0.040. The Eq. (3) could be used to 

predict remaining fatigue life and helps to 

indicate failure of the specimen and links the 

result to the static strength. 

12 CONCLUSIONS 

The experimental results presented in this 

paper provide comparison of various load cases 

with different damage mechanisms in concrete 

material. The results provide valuable 

information for structural design and contribute 

to increase structural safety of load bearing 

concrete structures. 
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