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ABSTRACT 

In former own publications [2]..[6] it was shown, that high precision concrete parts are a 
reliable alternative to natural stone for machine base frames. Beside long-term stability, also a 
predictable and highly reproducible thermal behavior is required. One opportunity is the 
application of materials with identical thermal expansion coefficients and appropriate 
mechanical properties. Concrete is a promising material for the whole machine structure 
under these circumstances.  
In contrast to base frames, moving parts need to have a lightweight design thus requiring a 
high level of specific stiffness. Concrete with a specific stiffness close to steel is an interesting 
material for the design of movable components coming up with dynamic properties 
comparable to welded steel structures. Additionally a high material strength is needed in 
lightweight design. To guarantee reliability at the same level as steel or aluminum 
light-weight parts, the endurance strength of concrete parts has to be improved significantly. 

Index Terms - Precision concrete, endurance strength enhancement, 
lightweight construction, organo-functional surface coating 

1. INTRODUCTION

For the implementation of a predictable and highly reproducible thermal behavior the use of 
low expansion materials is not appropriate for a whole machine structure since they are 
coming up with several drawbacks in the mechanical behavior in combination with high costs. 
Thermal compensation by special design raises complexity and costs as well. The application 
of special concrete compositions allowing both massive and filigree structures with identical 
thermal expansion coefficients can solve this problem at significantly reduced costs. 
The main challenge for the development of concrete light-weight parts is the improvement of 
the endurance strength, because concrete shows high compressional strength but is very 
sensitive to tensile stress. The tensile load at complex geometry cannot be fully eliminated. 
Therefore, notch effects and stress concentrations need to be avoided. Reinforcement by 
implementation of steel or carbon fibers is not applicable since it comes with thermal 
inhomogeneity.  
As an alternative, reinforcement can also be derived by functional coating. The application of 
a tailor made sol-gel coating with enhanced tensile strength like organo-functional silane 
implements compressive preload to the parts surface. Furthermore, the tensile strength in the 
sol-gel-infiltrated zone is improved and surface micro damages are filled out. These three 
fundamental effect mechanisms and the coherences to the endurance strength are shown in the 
chart at figure 1.  
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Figure 1. Effects for strength enhancement of sol-gel coated parts 
 
To verify the impact of the defect elimination, supporting factors as used in the German FKM 
Guidelines [7] can be applied beneficially. Since the measurement of internal stresses in the 
surface surrounding area is not possible for concrete without taking effect to the internal 
stresses itself, the mathematical description of the stiffness improvement is a promising 
approach to verify the influence of the coating.  
 

2. METHODOLOGY 
 
The prediction of the endurance strength enhancement for functional coated concrete parts is 
based on a combination of calculated and experimentally derived data. The measurement data 
are influenced by all effects and cross interactions and cannot be fully separated.  
For the endurance strength prediction of sol-gel coated concrete parts in lightweight design, 
the effective use of an appropriate FE-model method is helpful. First, the whole geometry has 
to be modeled in form of volume elements. The main result of the coating is an increased 
stiffness. To imply this effect, the coating properties are simulated by surface shell elements 
with coincident nodes to the volume elements at the rim of the base part. After the application 
of surface shell elements a reinforcement of the part is achieved. The derived displacements 
for the non-coated and the coated state are in correspondence to the relative stress level. With 
the relative stress level the prediction of the endurance strength enhancement for complex 
geometry is possible. To implement a simple shell element type for the description of the 
coated parts properties a substitute thickness 𝑇𝑠𝑢𝑏𝑠𝑡 and a representative Young’s modulus 
𝐸𝑠𝑢𝑏𝑠𝑡 needs to be introduced. The determination of these parameters is done based on a 
simplified prismatic beam model. The parameters are gained within the following three steps. 
1. Mathematical description of the physical properties 
2. Experimental determination of measurable properties 
3. Calculation of the remaining physical properties 

The procedure for the implementation of physical properties and coating parameters for the 
prediction of the endurance strength enhancement will be shown in the next chapter. The 
composition of the sol-gel-system and the regard of the influences of the chemical and 
physical properties of the sol in the model are currently under process and not part of this 
contribution. 
 

3. MATHEMATICAL DESCRIPTION 
 
The mathematical description of the stiffness of a coated prismatic geometry is done by an 
analytic model using a variable Young’s modulus over the cross section. The Young’s 
modulus at the rim of the base part and at the outside of the coating is not directly measurable.  

• Fill up cracks
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• Leveling out waviness
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• Compressive preload into the
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EFFECT MECHANISMS FOR ENDURANCE STRENGTH ENHANCEMENT
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Figure 2. Young’s modulus distribution in a rectangular cross section 
 
An exemplary distribution of the Young’s modulus in a rectangular cross section is shown in 
figure 2. Based on the estimation that the stiffness can’t change abruptly over the position the 
stiffness change is expressed in form of a harmonic approximation [1]. The Young’s modulus 
in the area limited by the dashed line is the base part Young’s modulus E0. The Young’s 
modulus at the outside of the coating is called E1. In the infiltrated transition zone the 
Young’s modulus changes from E0 to the maximum E2 at the rim of the base part represented 
by the solid line.  
The example beam is 10 mm in width W, 4 mm in height H and 35 mm long. The measures of 
the coating influenced areas are the infiltrated depth RHT of 1 mm and the 100 µm wall 
thickness T of the coating. The determination of E1 and E2 is explained in the following steps. 
 

4. EXPERIMENTAL INVESTIGATIONS 
 
 The mechanical tests are executed with standardized shouldered specimen geometry of 
DIN 50125 Form - E 4 x 10 x 35 (figure 3). A section with a length L of 35 mm in the center 
of the 45 mm long parallel specimen segment is analyzed for the displacement measurements. 

The dimensions W and H of the 
specimen are determined by the mean 
value of 4 measures along the beams. 
The tensile load test and the 3-point 
flexure test yield two different values of 
the stiffness.  
If the Young’s modulus is constant at 
the cross-section of a specimen, these 
two measurements are leading to equal 
Young’s modulus values. So the 
determination of the uncoated Young’s 

modulus E0 is only been done with the tensile test. For the determination of E1 and E2 of the 
coated specimen both measurement setups are necessary. The cubic term of the height 
coordinate in the moment of inertia for the bending load case generates an independent 
equation for the stiffness calculation. Since all geometrical dimensions of the cross-sections 
influenced by the coating are given, the distribution of a varying Young’s modulus along a 
cross-section can be done with the determination of the tensile stiffness Ctensile and the 
flexural stiffness Cflexure.  
The infiltrated depth is measured by UV and X-ray fluorescence microscopy of broken 
specimen cross sections. The coating thickness is determined by mechanical profilometry.  
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Figure 3. dimensions of the shouldered specimen 
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4.1 Experimental setups 
4.1.1 Determination of the infiltrated depth and the coating thickness 
The determination of the infiltrated depth was done by UV and X-ray fluorescence. For this 
detection method it was necessary to apply a fluorescence colorant. 
Primarily the test cubes were moistened with the following solutions:  

• SnCl2 in isopropanol,  
• fluorescent CanDot in water  
• fluorescent CanDot in hexane  

 
An ultraviolet lamp with a fluorescence stimulating wavelength range from 254 to 366 nm 
was used for the detection of the CanDot-solutions. SnCl2 was detected with the 
Fischer-device XDV-SDD. 
The determination of the coating thickness was done by mechanical profilometry with an 
Alpha-Step IQ (company KLA-Tencor). This device is a computerized, high-sensitivity 
surface profiler with 2.5 µm stylus diameter. The measuring distance was about 2 mm and the 
detection speed took about 50 µm/s. 
 
4.1.2 Tensile test arrangement 
The specimen Form E 4 x 10 x 35 made of concrete can’t serve the demands of the 
DIN 50125 for steel specimen and are very sensitive to parasitic lateral forces and inertias. To 
avoid influences of the clamping and machine misalignments a special clamping is needed. 
With spherical chucks shown in figure 4 the alignment of the clamp to the specimen axis is 
possible. The chucks are specially fitted, that the center of the spheres are nearly coincident to 
the specimen’s axis. Therefor the influence of parasitic lateral forces and inertias is 
minimized. 
 

 
Figure 4. Tensile test arrangement at the ZWICK Roell Z010 
 
Since the clamping is pneumatically controlled, the lateral force applied by the clamping is 
reproducible even if the cross-sections in a lot are different in height. The clamping force is 
constant at a level of 1 kN. 
 
4.1.3 3-point bending test arrangement 
Concrete parts are characterized by a high sensitivity to lateral loads and shear stresses. To 
reduce the influences of the arrangement over-constraints in the specimen treatment needs to 
be avoided. To realize a 2D modeled 3-point bending test with 3D specimen of rectangular 
cross section, which are containing geometrical errors, linear contact elements are useful. This 
is possible with three cylindrical pins made of steel. For a well constraint situation two of the 
pins have to rotate free around the beam axis. Since the rolling axis is coincident to the 
beam’s surface which is in contact to the fixed pin the contact friction is minimized. 

special spherical 
chuck jaws for non 
over constrained 
linkage

power-controlled 
pneumatic clamping 
with a maximum 
force of 1kN
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Figure 5. Bending test arrangement at the ZWICK Roell Z010 
 
In figure 5 the bending test arrangement is shown. To achieve highly reproducible results the 
symmetry and the orthogonal alignment is essential. The setup of the testing machine is done 
within the following three steps: 
 

1. The frame part with the longitudinal V groove is fixed at the bottom clamp 
2. The stamp is put into the lateral V groove 
3. The adjustable chuck of the top clamp is moved till the contact to the stamp is planar 

 
Now both sides of the bearing carrying cylindrical segments can be put in. 
The horizontal position of the specimen is fixed by the cylindrical segments with a tolerance 
of ±0.5 mm, that the angular tolerance is less than 1.6° for the linear pin contacts. The parallel 
specimen length is about 45 mm. So the longitudinal position is not critical. 
 
4.1.4 Indirect measurement of the specimen displacement 
For the investigation of new sol-gel-compositions a high number of specimens are needed. 
Statistical confident results are possible with a minimum of 6 specimen of each state. Due to 
tolerances in geometry and non-reproducible porosity 10 specimen of each state are tested for 
the tensile and the flexural load. To reduce the operative effort for the tests it is obvious to 
take the displacement measurement by the internal system of the testing machine. The 
specimen displacement is calculated in consideration of the in-line arrangement of the 
machine stiffness and the specimen stiffness. The determination of the machine stiffness is 
done by measurements with specimen of vastly higher high stiffness. 
The length of interest to determine the tensile stiffness or the Young’s modulus is about 
35 mm of the parallel specimen length 𝐿. With the information of the machine stiffness the 
calculation of the clamping displacement with the distance 𝐴𝐴 (figure 3) of the centers is 
possible. To validate the elongation of 𝐿 a transmission factor for the implication of the cross-
section is needed. In figure 6 an exemplary simulation considering the clamping situation and 
the qualitative specimen deformation is shown.  
 

 
Figure 6. Qualitative FEM solution results with respect to the clamping force and the tensile load  
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The second picture from the left shows the clamping situation without an additional 
longitudinal load. After the clamping a compression load according to the replacement of the 
spherical clamps is resulting at the load cell. After tensile load application the longitudinal 
displacement in 𝐿 amounts to 54.68% of 𝐴𝐴 for the chosen clamping force of 1 kN. . Therefor 
the transmission factor between displacements of the clamping and expansion length of 𝐿 is 
set to the value 0.5468. 
 
4.1.5 Testing machine ZWICK Roell Z010 
The ZWICK Roell Z010 is a material testing machine for desktop installation. To characterize 
the uncertainty coming up with the machine parameters the guide to the expression of the 
measurement uncertainty (GUM) is used. In figure 7 the systematical procedure is shown. 
 

 
Figure 7. Systematic measurement uncertainty following GUM 
 
4.2 Experimental results 
 
4.2.1 Determination of the infiltrated depth and the wall thickness of the coating 
The measurements for the coating influenced dimensions actually do not show any convenient 
results. The main problem is the visibility of the gel into the concrete. Some test cubes dip 
coated in SnCl2 were tested by X-ray fluorescence. Sn and Cl were found on the surface. 

Parameters for the stiffness determination 
𝑪𝒔𝒑𝒆𝒄𝒊𝒎𝒆𝒏 = stiffness of the specimen
𝑪𝒎𝒂𝒄𝒉 = stiffness of the test arrangement
𝒔𝒏𝒐𝒓𝒎 = displacement of the specimen
𝒔𝒎𝒂𝒆𝒔 = overall displacement 

𝑿= displacement factor
𝑭= applied force load 
𝑳 = parallel length of the specimen
𝑨= distance between the spherical clamps

𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 =
𝐹

𝑠𝑛𝑜𝑟𝑚
=

𝐴𝐴

𝑋𝐿 𝑠𝑚𝑎𝑒𝑠
𝐹 − 1

𝐶𝑚𝑎𝑐ℎ

Tolerances in the measurement system
𝑼𝑪𝑺 = specimen stiffness uncertainty
𝑼𝑪𝑴 = test arrangement stiffness uncertainty
∆𝒔 , ∆𝑨 = machine reproducibility = ±2µm

∆𝑿 = Ø (constant factor validated by FEM)
∆𝑭 = 0.05%..0.15% (load cell class I in ISO376)
∆𝑳 = Ø (standard length for evaluation)

Tensile test stiffness determination Bending test stiffness determination 

𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 =
𝐹

𝑠𝑛𝑜𝑟𝑚
=

1
𝑠𝑚𝑎𝑒𝑠
𝐹 − 1

𝐶𝑚𝑎𝑐ℎ

test arrangement stiffness uncertainty (𝑪𝒔𝒑𝒆𝒄𝒊𝒎𝒆𝒏 → ∞)   

 𝑈𝐶𝑀 =
 𝜕𝐶𝑚𝑎𝑐ℎ

𝜕𝐹
∆𝐹

2

+
 𝜕𝐶𝑚𝑎𝑐ℎ

𝜕𝑠𝑚𝑎𝑒𝑠
∆𝑠

2

=  𝑪𝒎𝒂𝒄𝒉 ∆𝑭 ∙ 𝑭 𝟐 +
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𝒔𝒎𝒂𝒆𝒔

𝟐

specimen stiffness uncertainty    

 𝑈𝐶𝑆 =
 𝜕𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

𝜕𝐴𝐴
∆𝐴𝐴

2

+
 𝜕𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

𝜕𝐹
∆𝐹 ∙ 𝐹

2
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 𝜕𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
𝜕𝑠𝑚𝑎𝑒𝑠

∆𝑠
2

+
 𝜕𝐶𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
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∆𝑨
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𝑨𝑭

𝑪𝒎𝒂𝒄𝒉
𝑼𝑪𝑴

𝟐

∗

∗  for the bending load  case the parameters (𝑿, 𝑳, 𝑨) = 1 and ∆𝑨 = Ø  
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Inside the concrete specimen no components fluorescent solutions could be determined. 
Actually a measurement of the infiltrated depth is not possible with this setup. 
Currently it is also difficult to determine the coating thickness, because the transition from 
coating to non-coating surface is still too rough. The measured thicknesses fluctuate between 
450 and 1000 nm. In the exemplary profile graph shown in figure 8 a thickness of 500 nm 
was determined. 
 

 
Figure 8. Exemplary thickness measurement profile 
 
4.2.2 Determination of the testing machine stiffness’s for tensile and flexural arrangement 
The overall machine stiffness is influenced by all the in-line components except of the 
specimen itself. To investigate the test arrangements stiffness specimen of significant higher 
stiffness were used. For the tensile machine stiffness a specimen made of steel with a cross 
section of 6x40 mm² were used. The flexural stiffness was determined with a steel specimen 
10 mm in width and 20 mm in height. 
 

 
Figure 9. Machines over all stiffness’s left for tensile load and right for bending load test 
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The deviation at the tensile load curve shown in figure 9 is induced by a setting effect in the 
clamp. This effect is highly reproducible and could be corrected in the analysis procedure. 
The progressive behavior at lower forces in the bending test diagram could be caused by the 
Hertz contact at the cylindrical pins. 
 
4.2.3 Determination of the stiffness and the Young’s modulus of the uncoated beams 
In the stress-strain-diagram at figure 10 the characteristics of some uncoated (label xxxx) 
beams are shown. This data is used to determine the Young’s modulus of the base material. 
 

 
Figure 10. Determination of the Young’s modulus of the uncoated beams 
 
The presently high level of variation does not allow a reliable prediction of the efficiency of 
the sol-gel coating. For that reason and for a better clarity only the systematic error of the test 
machine arrangement is shown in the following sections. Investigations have been done at 
medium level to avoid effects at minimum and maximum force loads. 
 
4.2.4 Characterization of the influence of different Sol-Gel coatings 
 
For the tensile load see figure 11 the coatings with V26e and V24b are very promising for the 
stiffness improvement and the following enhancement of endurance strength. The sol-gel 
variations V13f and V18b are not useful to achieve an endurance strength enhancement.  
 

 
Figure 11. Stiffness trends for the tensile load with systematical error borders for 3σ 
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The coating V26e (figure 12) yields promising stiffness improvement for the bending load. 
 

 
Figure 12. Stiffness trends for the flexural load with systematical error borders for 3σ 
 

5. PHYSICAL PROPERTIES [1] 
 
If the measured geometrical dimensions (B, H, T, RHT), the Young’s modulus E0, the tensile 
stiffness Ctensile and the flexural stiffness Cflexure are known, the determination of the 
Young’s modulus E1 and E2 could be done. An infinitely number of combinations of E1 and 
E2 have equal stiffness to each measurement. The equal stiffness lines can be expressed in an 
E1-E2-diagram shown in figure 13 for the exemplary Young’s modulus contribution of 
figure 2 and the shell element properties (𝑇𝑠𝑢𝑏𝑠𝑡, 𝐸𝑠𝑢𝑏𝑠𝑡) can be calculated. 
 

 
Figure 13. 𝐸1-𝐸2-diagram with lines for equal stiffness’s for tensile an flexural load 
 

6. ENDURANCE STRENGTH ENHANCEMENT 
 
With the surface shell elements the stiffness prediction for complex light-weight geometry 
with sol-gel coating with the representative shell elements could be done in a very easy way. 
The minimum enhancement of the endurance strength is the offset of the Wöhler curve caused 
by the reduced relative strain level.  
 

 
Figure 14. Endurance strength enhancement factor 𝑋 [7] 

0 2 4 6 8 10 12 14 16 1810

15

20

25

30
Bendingtest trends (10x4x35 mm³) in force period from 10 N to 30 N stamp force       

st
am

p 
fo

rc
e 

F 
[N

]

lateral displacement δ [µm] in respect to L(F=10 N)

 

 

xxxx (1.477 N/µm)
V13f (1.342 N/µm)
V18b (1.082 N/µm)
V24b (1.354 N/µm)
V26e (2.340 N/µm)

30 35 40 45 50 55 60 65 70 75

59

60

61

62

Young´s modulus combination lines for equal stiffness [kN/mm²]

M
ax

im
um

 a
t t

he
 e

dg
e 

ar
ea

Young´s modulus at the outside of the coating region

 

 

 tensile load stiffness (50.52 N/µm)
 flexure load stiffness (3.52 N/µm)

𝐸1 = 55 kN/mm²
𝐸2 = 60 kN/mm²

𝐶𝑡𝑒𝑛𝑠𝑖𝑙𝑒~
1
𝐿
�𝐸 𝑥,𝑦 𝑑𝐴𝐴

𝐶𝑓𝑙𝑒𝑥𝑢𝑟𝑒~
1
𝐿3
� 𝑦2𝐸 𝑥,𝑦 𝑑𝐴𝐴

𝑋 =
𝑁𝑐𝑜𝑎𝑡𝑒𝑑
𝑁𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑

=
σ𝑐𝑜𝑎𝑡𝑒𝑑
σ𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑

−𝑘

𝐶~
1
σ

𝑋 =
𝐶𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑
𝐶𝑐𝑜𝑎𝑡𝑒𝑑

−𝑘 N = cycles to failure
k = Wöhler coefficient
σ = stress
C = stiffness

©2017 - TU Ilmenau  9 



The endurance strength enhancement can be defined by the factor 𝑋 shown in figure 14. 
Furthermore the flattening of the Wöhler curve leads to even higher endurance strength. This 
effect has to be investigated experimentally in dynamic tests. The consideration of this effect 
could be done with a customized Wöhler coefficient. 
 

7. CONCLUSION 
 
The efficiency of the sol-gel application on concrete parts to achieve stiffness improvement 
has been proven. A consistent approach for the calculation of the endurance strength 
enhancement has been shown [1]. An optimization of the manufacturing process of the test 
specimen is needed to minimize the instability of the results of the mechanical tests. If the 
distributions of the mechanical parameters of the test specimens are in the magnitude of the 
uncertainty of the test arrangement, statistical reliable results are possible. The determination 
of the coating dimensions (infiltration depth and coating thickness) is the main challenge to 
solve at future investigations. 
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