
 

MODELLI�G THE ABRASIVE WEAR OF CO�CRETE FOR 

PROBABILISTIC SERVICE LIFE PREDICTIO� OF HYDRAULIC 

STRUCTURES 

Michael Vogel (1), Bernhard Klar (2) and Harald S. Müller (1)
 

(1) Institute of Concrete Structures and Building Materials, University of Karlsruhe (TH), 

Germany 

(2) Institute of Stochastics, University of Karlsruhe (TH), Germany 

 

 

 

Abstract 

Regarding the durability of hydraulic structures, the mechanical wear of the concrete edge 

zones represents a key exposure. Abrasive wear of concrete in hydraulic structures generally 

causes a reduction in service life as well as high costs due to necessary repair work and 

corresponding production downtimes. The knowledge about abrasive mechanisms of concrete 

and its time development is still insufficient. Furthermore no standardized test method exists 

so far for the realistic verification of the abrasion resistance of concrete.  

An appropriate method for testing the abrasion resistance of concrete was developed. In 

order to identify the relevant material parameters, which affect the abrasion resistance of 

concrete, typical hydraulic engineering concretes were investigated with respect to their 

abrasion behaviour. The time dependent abrasion of concrete has been experimentally 

analyzed in detail. These results formed the basis for the derivation of a sophisticated 

degradation model. With the help of the developed model and the use of statistical tools, it is 

now possible to predict the service life of hydraulic structures under abrasion loads.  

1. I�TRODUCTIO� 

Abrasive wear damage results from the abrasive effects of waterborne sand, gravel, rocks, 

and other debris, which circulate over concrete surfaces. These damages on the hydraulic 

structures are ranging from a few centimetres to several decimetres [1, 2]. The rate of abrasion 

wear is dependent on the kind of exposure and on the durability of concrete. The main factors 

regarding the exposure are quantity, hardness, shape and size of the rubble and the velocity of 

the water. The concrete durability is influenced by the hardness, shape and size of the 

aggregates, the aggregate/paste bond and the hardness and elasticity of the paste [2, 3].  

Abrasive wear is a complex process consisting of rubbing and impact action. In respect to 

standard test methods, there is no procedure which can reproduce the natural abrasive wear 

conditions on hydraulic structures completely. For example, the standard test methods [4, 5] 4
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simulate mainly either the rubbing or the impact action. Bania [6] realised this problem and 

developed an abrasion test machine for simulating the abrasive wear in a realistic way.  

The proper characteristic values of hardened concrete, which mainly affect the abrasion 

resistance, are not definitely identified. Besides the compressive strength of concrete the 

characteristic values flexural tensile strength, tensile splitting strength, modulus of elasticity 

and porosity have also influence on the abrasion resistance of concrete [2, 3, 7].  

An innovative method to guarantee the durability of concrete is based on the probabilistic 

service life design of concrete [8]. The well-known models to describe the ingress of chloride 

ions into concrete or the process of carbonation are already applied for service life design. 

Presently, there are no efforts to use adequate models for the time dependent damage process 

of abrasive wear to predict the durability of concrete in hydraulic structures with the appliance 

of probabilistic methods. 

2. ABRASIO� TEST 

2.1 The test apparatus 

Within the own experimental studies a modified apparatus according to [6] was applied, 

see Figure 1. The test apparatus contains a steel cylinder with an internal hollow shaft. The 

shaft is powered via a chain drive with a gear motor. 

  

Figure 1: Abrasive wear apparatus; dimensions in [mm] 

By means of a control box the hollow shaft is driven from 10 to 70 rpm. Hence, the load 

energy ranges from 900 to 6000 J/m
3
. On the shaft up to 18 concrete samples can be fixed on 

mountings. With the help of 24 steel paddles the solid-water-composite (the rubble) is well 

mixed. The solid-water-composite contains basalt/water and river gravel/water at the ratio of 

1:1. The fill factor in the steel cylinder is about 14 percent.  

2.2 Experimental investigations with respect to the test apparatus 

To prove the efficiency of the test apparatus the solid-water-composite, the concrete 

sample as well as the reproducibility and the adjustment of the specimen in the cylinder have 

to be considered, see Table 1. For the tests the abrasion energy amounts to approximately 

3900 J/m
3
 and the test duration was 22 hours. After each test the rubble was changed. 
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Table 1: Overview about the test program 

test No. denotation solid-water-composite geometry  number  test duration 

1 “basalt 16“ basalt : water = 1 : 1 

aggregate by 16 mm 

cube 

6 pieces 22  

hours 

2 cylinder 

3 
“quartz 16“ 

quartz : water = 1 : 1 

aggregate by 16 mm 

cube 

4 cylinder 

5 
“quartz 32“ 

quartz : water = 1 : 1 

aggregate by 32 mm 

cube 

6 cylinder 

7 

“quartz 16 w“ quartz : water = 1 : 1 

aggregate by 16 mm 

cube 8 

9 

10 “quartz 16 l“ cylinder 18 pieces 

 

The Portland cement concrete used in this research was designed to have a 40 MPa target 

compressive strength with a w/c ratio of 0.56. The natural aggregates were composed of river 

sand and gravel had a grading curve of A/B 16. The curing and storing were arranged 

according to DIN 12390 [9]. After 28 days of hardening the specimens were tested.  

The dimensions of the specimens are 100 mm edge length for the concrete cubes and 100 

mm height and 100 mm diameter for the concrete cylinders. The measurement of the abrasive 

wear was carried out with the focus on the mass loss. The time dependent process of the 

abrasive wear tests are shown in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Abrasive wear-time sequence plots 

The tests No. 1 to 6 in Table 1 were designed to identify the optimal abrasive wear test 

conditions. On the other hand, No. 7 to 10 should specify potential undesired effects. 

Especially for the last test the total 18 specimens were attached in the steel cylinder. The 

working hypothesis for the tests No. 7 to 9 is whether test repetition significantly affects the 

abrasion. For the test No. 10 the hypothesis is whether the adjustment of specimens (six 

specimens each alignment) in the test apparatus affects the abrasion significantly. One-way 
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analysis of variance was used to test the above stated hypotheses [10]. The tests were 

conducted on a level of significance of 5%.  

2.3 Results 

The results of the analytical investigations according to test No. 1 to 6 showed that the 

optimal test conditions include the cylindrical concrete samples in conjunction with solid-

water-composite composed of quartz with 16 millimetre maximum aggregate size. Hereby, a 

visible and measurable abrasive wear under controlled terms with low dispersions (coefficient 

of variation under 10 percent) can be realized. The one-way analysis of variance tests showed 

that the factors “experimental-repetition” and “adjustment of the specimen” are not 

significant. Therefore the differences between the means base upon natural dispersion. 

3. MATERIAL CO�STA�T 

3.1 Concrete mixtures (test I) 

Ordinary Portland cement (CEM I 32.5) and blast furnace cement (CEM III/B 32.5) were 

used for the following investigations. Furthermore, four w/c-ratios of 0.35, 0.45, 0.55 and 

0.65 as well as four grading curves of A16, A32, B16 and A16SP (SP = grit) were selected. 

The different concretes were made of constant cement paste (31 Vol.-%) and with various 

cement paste (25, 28, 34 and 37 Vol.-%). For each concrete mix special specimens for the 

abrasion test as well as for the identification of the material constants were made.  

3.2 Test program 

After 28 days of hardening the different concretes were tested 22 hours under the boundary 

conditions, which were specified in chapter 2. Before and after the abrasive wear test the mass 

of the specimens was detected. Extensive standard tests were made to identify the leading 

material constants, which significantly affect the abrasive wear resistance of the different 

concretes. These tests include the compressive strength, the flexural strength, the splitting 

tensile strength, the adhesive tensile strength, the rebound hammer test, the static and dynamic 

modulus of elasticity, the true porosity, the water absorption coefficient, the pore size 

distribution and the fracture energy. 

3.3 Statistical analysis 

The results from the test procedure provided the basis for multivariate statistical analysis 

methods. These methods are regression and correlation analyses as well as analyses of 

covariance [10].  

 

With analyses of covariance it is feasible to combine explanatory variables like 

compressive strength with categorical variables like type of the cement. Figure 3 shows the 

modelling of the test data affected by the compressive strength and the factor “graining” (sr = 

low amount of sand; sa = high amount of sand). The effect of the factor “graining” and 

“cement type” was confirmed by a (Welch-modified) t-test on the 5% level of significance. 

The variable selection for the identification of the statistical model was made with the testing-

based procedures. 
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Figure 3: Model fit of the test data 

3.4 Results 

The compressive strength combined with the dynamic modulus of elasticity present the 

two main factors that affected the abrasion wear significantly. The new defined material 

constant is named M. The average material constant M ranges from 0.7 to 2.6 [MN
2
/mm

4
]. 

4. MODELLI�G THE ABRASIVE WEAR 

To model the time dependent processes of abrasive wear an empirical model was 

developed for concretes that are commonly used in hydraulic structures. The basis of the 

model is a power function, which contains the load duration, the load energy and the material 

properties. 

4.1 Concrete mixtures (test II) 

Concrete specimens were made with natural aggregate river sand, gravel and ordinary 

Portland cement (CEM I 32.5). The continuous grading curve was between A and B, close to 

A. The range of the w/c-ratio was between 0.35 and 0.80. The cement content varies from 

210 kg/m
3
 to 500 kg/m

3
. A plastic consistence of the concrete mix was projected. 

4.2 Test program 

After 28 days of hardening the specimens were stressed 100 hours in the test apparatus. 

The mass loss of the specimens was measured after 1, 2, 4, 7, 12, 20, 28, 38, 48, 60, 72, 86 

and 100 hours. Six different load energies 981, 1607, 2387, 3321, 4409 and 5650 J/m
3
 were 

applied. On parallel samples the material constants M were calculated.  

4.3 Empirical model 

The experimental investigations delivered 36 different time paths for abrasive wear of 

concrete. These time paths depend on the load duration, the load energy and the material 

behaviour. On the basis of the database an empirical model was developed, see equation (1) to 

(5). 
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S(t, M, E, α) = abrasion wear [dm]  

A(E)  = 0.2680 · E
3
 -3.6913 · E

2
 + 32.5290 · E (2) 

B(E)  = -5.925 · 10
-3

 · E
3
 +5.6011 · 10

-2
 · E

2
 – 0.2576 · E (3) 

ρB  = concrete bulk density [g/dm
3
]  

a

d
t (a,d) a 8766

365.25

 = ⋅ ⋅ 
 

 (4) 

t(a, d)  = load duration in hours [h]  

a  = load duration in years [a]  

d  = days of load duration per year [d]  

( )

2

1.4808 1.6381 0.9684
90 90

1.2939
α

 α α   − ⋅ + ⋅ +     ° °    η α =  
(5) 

ηα(α)  = angle coefficient [-]  

α  = angle of attack [°]  

Model fitting was carried out with a nonlinear regression analysis based on the 

experimental data using the Gauss-Newton method for iterative model estimation [11]. The 

calculations were done with the statistic program “R” [12]. 

5. PROBABILISTIC SERVICE LIFE PREDICTIO� 

5.1 Probabilistic design approach 

Service life prediction or durability design can be achieved in the context of a failure 

probability. The failure probability Pf is defined as the probability for exceeding a limit state 

within a defined reference time period. The limit state can be expressed by correlating the 

resistance R and action E, see equation (6). If G turns to zero, the limit state is reached. 

G = R - E 
 

(6) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Failure probability Pf and reliability index β 

0 

R 

r, e 

Pf G = R – E  

E 

g 

σG 

0 

σR σE 

µG 

µR µE 
β  ּ◌ σG 

β  ּ◌ σG 

Probability-Based Durability Design

405



 

The statistical properties of the function G can be expressed by means of a distribution 

function, if the limit state function is considered to be normaly distributed and the resistance 

R as well as the action E are expressed using related mean values µ and standard deviations σ, 

see Figure 4. In case of a normal distributed limit state function G, the failure probability Pf 

can be determined directly by equation (7).  

Pf = P (G ≤ 0) = Ф (-β)
 

(7) 

Here, the variable Ф is the distribution function of the standardized normal distribution. 

The correlation between the reliability index β and the failure probability Pf is given in 

Table 2. 

 

Table 2: Correlation between reliability index β and failure probability Pf [13] 

Pf 10
-1 

10
-2 

10
-3 

10
-4 

10
-5 

β 1.28 2.32 3.09 3.72 4.27 

 

The calculation of the failure probability for a hydraulic structure component in the 

unintentional condition “abrasive wear depth reaches the reinforcement” can be performed by 

the use of the following equation (8). The parameter c is the concrete cover and Pf,max is the 

maximum permissible failure probability. 

Pf = P{c – S(t, M, E, α) ≤ 0} ≤ Pf, max
 

(8) 

5.2 Prediction of the abrasive wear of concrete in hydraulic structures 

For predicting the durability of a hydraulic structure, the above mentioned parameters need 

to be defined. In the field test from Jacobs [2] the concrete of a bottom plate in a diversion 

tunnel was considered. The parameters for the probabilistic service life design have to be 

quantified in statistical properties, see Table 3. 

 

Table 3: Statistical parameters for the durability design 

parameter notation dimensions mean coefficient of variation distribution 

c concrete cover [mm] 50 0.15 lognormal 

t load duration [a] 100 - - 

d days per year [d] 90 - - 

M material constant [MN
2
/mm

4
] 2.6 0.10 normal 

E load energy [J/m
3
] 258 0.20 normal 

α angle of attack [°] 0 - - 

ρB concrete bulk density  [g/dm
3
] 2400 0.10 normal 

 

The prediction of the durability of the bottom plate is performed for a reference period of 

100 years [13]. The target value of the reliability index is set to be 2.0 and corresponds to a 

failure probability Pf, max of about 2.3 %. The determination of the failure probability Pf is 

calculated with the FORM-method using the software STRUREL [14], see Figure 5. The 

calculated probability of abrasive wear damage for the above mentioned conditions after a 
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The prediction of durability of the bottom plate is performed for a reference period of 100 
years. The target value of the reliability index is set to be 2.0 and corresponds to a failure 
probability Pf,max of about 2.3 % [13]. The determination of the failure probability Pf is 
calculated with the FORM-method using the software STRUREL [14], see figure 5. The 
calculated probability of abrasive wear damage for the above mentioned conditions after a 
service life of 100 years is about Pf = 20 %. The limit state is reached at the half of the 
intended service life (about 50 years). At this time a repair task of the plate is necessary. 

6. CO CLUSIO S
The modified test apparatus applied in this study is appropriate to simulate the abrasive 

wear in a realistic way. On the basis of this apparatus the relevant material parameters, that 
affect the abrasion resistance of concrete, were identified. With the developed abrasion wear 
model in a first approach the abrasion damage process on concrete can be predicted with the 
help of statistical tools. Further investigations are required e. g. to calibrate the model by 
results of field studies on hydraulic structures.  
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