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Identification of mechanical fracture parameters of fine-grained brittle matrix composites

The paper describes a method for the identification of mechanical fracture parameters of fine-grained brittle matrix composites. An identification procedure utilizes the results of fracture tests, artificial intelligence methods, and nonlinear finite element-based analysis. Fracture properties of fine-grained brittle matrix composites are typically evaluated from the response of a notched prismatic specimen with a nominal depth of 40 mm tested in a three-point bending configuration. The aim is to identify parameters for the various composite mixtures and to feed material models for the deterministic and stochastic simulations of the quasi-brittle/ductile response of structures made of studied materials.

Preface

A long-standing tradition of the fib, the PhD Symposia started in 1996. They were established by Prof. Balázs in Budapest to support young researchers and practitioners. Since then, the fib National Groups have already organised twelve symposia. The PhD symposia have become highly-recognised events, boasting the participation of international experts attending the symposia as PhD students' supervisors or keynote speakers. A two-year interval between each symposium allows for a thorough preparation of the event and for a sufficient amount of new information. The spirit of these symposia is to allow for a relaxed and friendly atmosphere, which befits the young generation.

The 13 th fib Symposium was to be held in Paris in 2020, following the previous symposium in Prague in 2018. Due the Covid-19 pandemic, we decided to split the symposium into two parts. In 2020 (26 to 28 August), we had an online symposium with the hope to be able to organise an in-person symposium in 2021. Unfortunately, the evolution of the pandemic did not allow us to envisage this. The second session of the 13 th fib Symposium is therefore also be organised online on 21-22 July 2021.

Two organisations are involved in the preparation of these events: The University Gustave Eiffel and the École normale supérieure Paris-Saclay, with the support of the French association of civil engineering (AFGC -representing the national fib group) and the University -Association of Civil Engineering (AUGC) and, of course, of the fib.

After a classic review process, the 35 selected papers for 2021 are divided into four themes for the oral presentations with two parallel sessions over two days. Thirty minutes are allowed for each presentation in order to have the opportunity for a long discussion, which is a part of the spirit of these PhD symposia. The best papers will be rewarded by our sponsor (EFB-école française du béton) and by the fib. It is a great pleasure for us to express our gratitude to all the sponsors who contributed to the organisation of the symposium.

For 2021, a keynote also enriches the program as in 2020. Magali Anderson (https://www.holcim.com/magali-anderson) will present a talk entitled: "Why concrete and cement are key for a net-zero world?" A topic close to the 2020 one and also very important, especially for the researchers of the future.

Finally, let us wish to all participants -especially PhD students -an interesting event. We hope that this Symposium will help them to progress in scientific work and perhaps also in the fib activities. 
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Introduction

The recent development of new ecologically and economically attractive materials brings requirements for a comprehensive description of their properties. The mechanical fracture parameters of the studied material can be obtained based on laboratory fracture experiments. The measured response of tested notched specimens in the form of a force vs. displacement diagram can be evaluated by direct methods such as the Work-of-Fracture method [1] and the Effective Crack Model [2]. The second possibility is to identify parameters indirectly e.g. by using a combination of fracture test and Artificial Neural Network-based (ANN) inverse analysis [3]. The advantage of this method is its ability to identify also parameters that cannot be obtained by direct methods, such as tensile strength.

The ANN-based inverse analysis method was implemented in FraMePID-3PB software [4], where it is used to determine the parameters of a standard concrete with a wide range of strengths. Prismatic specimen with a central edge notch and nominal depth of 100 mm tested in a three-point bending configuration is used, see Fig. 1 (left). In this case, identification is performed with the help of one robust neural network, which covers the entire space of the identified parameters [4]. Due to the high variability of the responses obtained from the tests of specimens made of fine-grained composites with a nominal depth of 40 mm, see Fig. 1 (right), utilization of a single network didn't provide sufficient accuracy. For that reason, a neural network ensemble was designed for fine-grained composites. It is a robust, accurate, and easily expandable system. By limiting the range of parameters for one network to a certain subspace, more accurate identification results are achieved. Based on the initial analysis of the fracture test data, one or more networks are activated. Fig. 1 Example of experimentally obtained load-deflection diagrams of coarse-grained composites (left) and fine-grained composites (right) with a brittle matrix.

Identification of mechanical fracture parameters of fine-grained brittle matrix composites

The paper aims to present the proposed methodology for the identification of mechanical fracture parameters of fine-grained composites with a brittle matrix. The application part presents the results of testing the functionality of a neural network ensemble on selected sets of fine-grained alkali-activated slag based specimens, which differ in the type of curing condition during their maturation.

Methodology for identification of mechanical fracture parameters of finegrained composites

The identification method of mechanical fracture parameters of fine-grained composites is divided into three phases, see the color branches of the identification flowchart in Fig. 2: (1) fracture tests, (2) creation of a neural network ensemble, and (3) identification of mechanical fracture parameters. In this paper, special attention is paid to the creation of a neural network ensemble and the identification of mechanical fracture parameters of specimens made of fine-grained brittle matrix composites.

Fig. 2 The identification flowchart of fine-grained composites using neural network ensemble.

Fracture tests

In the first phase of the method, the fracture test records in the form of force vs. deflection diagrams of the test specimens are evaluated and the appropriate response parameters are selected for subsequent identification, see below. The paper deals with the results of fracture tests of specimens made of finegrained composites with brittle matrix, which have nominal dimensions of 40 × 40 × 160 mm with a central notch to a depth of 1/3 of the specimen's height. The specimens were tested in a three-point bending (3PB) test configuration. The distance between the supports was 120 mm. A stable test course was ensured by a sufficiently stiff mechanical testing machine. The loading was performed with a constant displacement increment, which was set at 0.02 mm/min. The result of each test was a force vs. deflection diagram (F-d diagram), which was then used to determine the mechanical fracture parameters.

Numerical model

At the turn of the first and second phase of the identification method, the finite element method (FEM) model of the tested specimen subjected to 3PB was created. The deterministic computational model was developed in the ATENA 2D software, which uses 3D Non Linear Cementitious 2 material model [5] for quasi-brittle materials. The tensile softening of the material is described using an exponential model according to Hordijk [6]. From a static point of view, the specimen is a simply-supported beam with overhangs, supported by two steel rollers, see Fig. 3. The supports are simplified in the model and are considered as steel plates made of elastic isotropic material. The beam is loaded by its self-weight and with a constant increment of vertical displacement in the middle of the span just above the notch.

Fig. 3 Computational model for specimens made of fine-grained composites tested in 3PB.

A neural network ensemble (NNE)

As mentioned above, the developed identification method for fine-grained composites is based on inverse analysis using artificial neural networks [3]- [4]. The second phase deals with the creation of a neural network ensemble and is divided into three parts. First, the set of relevant mechanical fracture parameters is selected utilizing sensitivity analysis. In this case, three parameters, which are modulus of elasticity, tensile strength, and fracture energy, are subject to identification. These parameters form a three-dimensional space, as can be seen in Fig. 4 (right). The range of values of these parameters is systematically divided into smaller subspaces based on the functions below. Based on a sensitivity analysis, these functions have been selected so that the generated samples suitably cover the entire 3D space while maintaining good accuracy across the range of parameters. Emphasis is placed on areas with lower values, where parameter sensitivity is greater than in areas with higher values. The obtained intervals were further extended on both sides by 1/10 of the limit values, thus achieving an overlap of the individual parameter subspaces as shown in Fig. 4 (left).

The first identified parameter is the modulus of elasticity Ec,ID, which has subspaces arranged according to the function:

! "#$ % ! " ' 2 " , for , % 0,1,2, … , 1, (1) 
where x0 is equal to 0.3. The second searched parameter is the fracture energy GF,ID, which has subspaces divided by function:

2 " % 3 "⋅56$7 8 , for , % 1,2, … , 1. (2) 
The last identified parameter is the tensile strength ft,ID, which has a division of subspaces defined according to the function:

9 "#$ % 9 " ' 2 " , for , % 0,1,2, … , 1, (3) 
where z0 is equal to 0.1.

Identification of mechanical fracture parameters of fine-grained brittle matrix composites

A stochastic model is created for each parameter subspace. The random variables Ec,ID and ft,ID are defined by a rectangular probability distribution, and the parameter GF,ID is described by a left-sided trapezoidal probability distribution, which is composed of rectangular and triangular distributions. The probability of a triangular part is the same as the probability of a rectangular part, see Fig. 5. The trapezoidal distribution is used to concentrate the fracture energy values in regions with lower values and thus increase the accuracy of its identification.

Fig. 4

Example of active subspaces of an identification system based on a neural networks ensemble -a two-dimensional section through space and visible overlapping subspaces (left) and the entire three-dimensional space of the identified parameters (right).

Fig. 5

Generating random samples from the descending trapezoidal probability distribution (left), and the rectangular distribution (right).

The second phase then continues with the computational part. First, random realizations of identified parameters are generated reflecting its probability distributions mentioned above using the LHS simulation method [7]. The number of simulations depends mainly on the required accuracy. Here, 50 or 100 simulations were used. Repeated FEM analysis of the deterministic computational model is carried out with the generated realizations of parameters and a corresponding response is obtained. Arranged pairs formed by random realizations of the identified parameters and their corresponding random response parameters are later used as the training set for neural networks. The last step of the second phase is focused on the creation and training of neural networks in each subspace of identified parameters. Networks are trained using optimization techniques, such as gradient method, genetic algorithms, etc. The trained neural network, which approximates the inverse function between the response parameters and the material parameters, then serves to identify the material parameters of the respective experiment. Verification of sufficient accuracy of the inverse function approximation is performed using a test set and numerical simulation of the studied specimen.

The structure of all neural networks which form the neural network ensemble is the same and has the following parameters: 3 inputs, 1 hidden layer containing 6 neurons with a nonlinear transfer function (hyperbolic tangent), and 1 output layer with 3 neurons having linear transfer function. The schematic view of the utilized networks is in Fig. 6.

Fig. 6

Structure of forward multilayer network.

Identification of mechanical fracture parameters of fine-grained composites

The last phase of the proposed method is the identification of mechanical fracture parameters for the selected test specimen. First, the response parameters of the test specimen are classified into the appropriate subspaces causing the activation of their neural networks. The response parameters of the test specimen may fall into one or several adjacent subspaces. If the response parameters do not fit into any of the already prepared subspaces, the new subspace of the material parameters needs to be created and added to the current neural network ensemble.

In the next step, the mechanical fracture parameters in the active subspaces are identified using activated neural networks. The obtained values of material parameters are then verified whether they still correspond to the activated subspaces. When the obtained values fall into several overlapping subspaces the final values of parameters are obtained as a weighted average depending on the distance of the value from the center of its subspace. For more details see [8].

Application on selected fine-grained composite with brittle matrix

The application part of the paper presents the results of the identification of a selected fine-grained composite using NNE. The identified values from the NNE are compared with the values obtained by the direct methods.

Mixture and specimens

The alkali activated blast furnace slag based-mortar (AASM) with slag to sand ratio 1 : 3 (by weight) was prepared. The slag was activated with a waterglass of silicate modulus (SiO2 to Na2O molar ratio) equal to 2.34; the waterglass dose was adjusted to 6% Na2O with respect to the slag weight. The water to slag ratio was adjusted to 0.45 including both water present in waterglass and extra added water before mixing. Lignosulfonate-based plasticizer was added in an amount corresponding to 1% of the slag weight to maintain the appropriate workability of mortar. The prismatic specimens with nominal dimensions of 40 × 40 × 160 mm made of the above described AASM were manufactured for the experiment. The specimens were stored in the moulds covered with a PE foil for 24 hours. Then, the specimens were demoulded. The first set of specimens (WG_wet) was stored in the closed chamber with RH > 95% and the second set (WG_air) was exposed to free drying under laboratory conditions until fracture tests were performed. Prior to the test, a notch was cut with a diamond saw to a depth of 1/3 of the specimen's height. The fracture tests were performed on 3 specimens from each set. The age of specimens was about 40 days.

Results and discussions

With the data obtained from the laboratory fracture tests, an inverse analysis was performed using NNE, and the following parameters were identified: modulus of elasticity Ec,ID, tensile strength ft,ID and fracture energy GF,ID; from these parameters the characteristic length lch=Ec,ID•GF,ID/(ft,ID) 2 was also calculated [2]. The values of the identified parameters belong to a total of 7 active subspaces, see Fig.

Identification of mechanical fracture parameters of fine-grained brittle matrix composites 4 (right), of which WG_wet specimens belong to 5 subspaces and WG_air specimens to 2 subspaces.

The following parameters were determined by direct evaluation of F-d diagrams using the Work-of-Fracture method [1] and the Effective Crack Model [2]: specific fracture energy GF*, modulus of elasticity Ec, effective fracture toughness KIce. The results of the parameters obtained by direct methods and from the NNE are shown in Table 1. The mean value accompanied by the coefficient of variation (in %) are shown for all investigated characteristics. This table also lists the relative values of the parameters in the form of two ratios: (1) the Pair/wet ratio reflecting differences between two composite types (100 % corresponds to the values of the WG_wet composite), (2) PID/TEST ratio comparing two methods of parameter's determination (100 % corresponds to the values determined from direct evaluation of fracture tests).

The identified parameters were also used for numerical simulation of the fracture tests, while the criterion of numerical agreement between the curves obtained from experiments and numerical simulation was observed, see Table 1. First, the mean absolute percentage error (MAPE) was calculated between the forces over the entire F-d diagram up to deformation of 0.2 mm:

:;<= 7.8 % 100% , ! " #,$ -" &,$ " #,$ ! " '($ , ( 4 
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where n is the number of points of the F-d diagram (in this case 100), Fe,d is the force at a given deformation obtained experimentally, and Fs,d is the force at a given deformation obtained by numerical simulation.

Second, the mean absolute percentage error between the areas under the obtained F-d diagrams which correspond to work of fracture (the work necessary to break a specimen and form two surfaces) was calculated:

:;<= )7.8 % 100% * + # -+ & + # * , ( 5 
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where We is the area under the experimentally obtained curve and Ws is the area under the curve obtained by the numerical simulation. A graphical comparison for all specimens was also performed. The F-d diagrams obtained from the simulations with the identified values of the parameters are compared with the fracture test results in Fig. 7. The figure also shows the course of the absolute percentage error (APE), which is based on equation (4). From both numerical and graphical comparisons, we can conclude that very good agreements were achieved between experimental and numerical responses of all tested specimens. If compare the results for two sets of specimens, the mean values of specimen parameters of both sets determined by direct methods as well as by NNE reach significantly different values depending on the type of curing condition during maturation. According to the relative Pair/wet value, the largest difference between the two sets is in tensile strength (approximately 64 %), while the smallest difference is in the modulus of elasticity (approximately 35-37 %). A separate chapter is the characteristic length lch, for which the difference between the two sets is more than double. 

Conclusions

The paper describes a methodology for the identification of mechanical fracture parameters of finegrained composites. The NNE identification system was designed to be easily implemented in the existing FraMePID-3PB software tool and also expanded for other types of composites at any time in the future.

Identification of mechanical fracture parameters of fine-grained brittle matrix composites

In the application part, the NNE system was tested in determining the parameters of two sets of AASM, which differ in curing conditions during its maturation. From a statistical point of view, the values of comparable parameters obtained from identification by NNE were slightly higher compared to the values obtained by direct methods. The difference in modulus of elasticity is about 7.5 to 12 %, while in fracture energy it is about 8 %. From the visual comparison, it can be concluded that the experimentally and numerically obtained F-d diagrams had a good agreement. In the case of AASM, using the Hordijk tensile softening model seems to be a good choice. 

Structural analysis and design Introduction

The non-linear finite element analysis (NLFEA) represents a powerful tool for accurate assessment of existing structures and thus it is employed more often also for practical applications in recent years. Nonetheless, it is also necessary to assume uncertainty in input variables for proper modeling of real structures. Therefore, it is necessary to perform complex stochastic analysis instead of deterministic computation of NLFEA. On the other hand, it is still highly time-consuming to perform a fully probabilistic analysis of large non-linear models with many stochastic input variables. The solution can be represented by semi probabilistic approach focused on the determination of the design value of resistance under prescribed simplifications, which can greatly reduce the number of needed calculations.

The key ingredient in a semi-probabilistic design and assessment of structures is an estimation of a coefficient of variation (ECoV) of resistance. In recent years, the development of ECoV methods is an area of interest for many researchers and engineers, and there are several known approaches in the scientific literature [1]- [3]. Selected ECoV methods are employed in this paper for the assessment of the existing prestressed concrete bridge failing in bending. This bridge was selected in the framework of the European Project Safebridge (interreg project Austria-Czech Republic) focused on advanced numerical analysis of existing bridges. Specifically, the paper presents the first study focused on the semi-probabilistic assessment of one typical bridge girder KA-61 (frequently used in the Czech Republic) and the application of ECoV methods to an existing bridge with the limited stochastic model.

Semi-probabilistic Methods

According to the semi-probabilistic approach, the resistance of a structure R is separated, and the design value R d satisfying given safety requirements is evaluated instead of calculating the failure probability. Such an approach directly leads to the design value of resistance which can be easily used for a design and an assessment of structures in the industry, similarly to the Partial Safety Factor method (PSF). It is assumed that R is lognormally distributed; thus, the design value of resistance R d is defined as

(1)
where v R is the coefficient of variation (CoV) of resistance, and R represents the sensitivity factor associated with R derived from the First Order Reliability Method (FORM). For industrial applications, FORM is simplified by fixed value R = 0.8. Target reliability index can be found in codes for specific types of structures and class of consequences. As can be seen, in order to accurately deter- mine the design value of resistance by a semi-probabilistic approach, it is crucial to correctly estimate the mean value and variance of structural resistance, which can be seen as a function of a random vector . This task might be challenging due to a fact that input random variables can generally be non-Gaussian and correlated. The only general approach to estimate statistical moments is pseudorandom sampling by a Monte Carlo type algorithm such as Crude Monte Carlo or Latin Hypercube Sampling [4] employed in case studies as a reference solution. However, it is necessary to perform a high number of simulations of the original mathematical model, which usually can not be employed in industrial applications due to the enormous computational burden. On the other hand, it is possible to assume several simplifications and use simplified methods, presented in the following paragraphs.

Note that, one should assume model uncertainty and geometrical uncertainty in order to estimate the design value of resistance in compliance with Eurocode [5]. In this case, one should calculate CoV of R as: (2) where v f is part of CoV caused by the uncertainty of input random variables, v m represents the coefficient of variation associated with model uncertainty [6] and v g represents CoV caused by geometrical uncertainty. For the sake of generality, this paper is further focused only on v f .

ECoV methods are focused on the estimation of statistical moments of resistance and estimation of the design value of resistance under the assumption of the lognormal distribution. CoV of resistance R according to Červenka [1] can be estimated as follows:

(3) Note that, just 2 simulations of NLFEA are needed in this approach:

with mean values of input random variables and using characteristic values (5% quantile). The global resistance safety factor is then calculated assuming Lognormal distribution as: (

The described concept was adopted in the fib Model Code 2010 [7] and design value was later decreased by in order to take model uncertainties into account:

(5)

Improved ECoV method based on Taylor Series Expansion was proposed by Schlune et al. [2]. The coefficient of variation , if material parameters are not correlated, can be calculated as: (6) where the response of construction is determined by NLFEA using reduced mean values of material variables by and is the standard deviation of the i-th variable. If the lognormal distribution of material variables is assumed, the reduced values of can be calculated as: (7) where is the mean value of i-th material characteristic and step size parameter . Besides ECoV methods, there are two general methods for the design of structures in Eurocodes using NLFEA. Commonly known general partial safety factors according to EN 1990 [5] and the global safety factor method for NLFEA of concrete structures according to EN 1992-2 [8]. These methods are based on the very strict assumption that a numerical simulation with input variables set to a generally desired quantile leads to a result corresponding to the identical desired quantile of response distribution R. Of course, this might be a severe problem in case of NLFEA, where a simulation with extreme values of input variable may lead to the unrealistic behavior of the computational model, which is usually verified within a specific range of input variables (working conditions). However, such an approach can be acceptable for simple structural members with a single almost linear failure mode and low , e.g. the bending of a simply supported beam.

According to EN 1990 numerical simulation is computed with design values of input random variables (such as design value of yield strength of reinforcement or compressive strength of concrete

) and obtained result of simulation corresponds to design value of resistance . Design values of material characteristics can be obtained from laboratory experiments or directly from EN. Typical approach for the determination of design values of input variables is the usage of normative coefficients, which contains model uncertainty, thus no additional reduction by safety factor is needed (further denoted as PSF tabular). On the other hand, the design values can be estimated from laboratory experiments as a following percentile of statistically processed values: (8) where is CoV of a random variable (material characteristic). The results of NLFEA leads to design value , however partial safety factors in EN include reduction due to model uncertainty, thus additional reduction of the design value of resistance by the safety factor should be applied:

In the global safety factor concept according to EN 1992-2, the design value resistance is estimated as: (10) where the global safety factor for resistance is set as including model uncertainties, is the mean value of yield strength of reinforcement, represents its characteristic value (5% quantile), and is the reduced mean value of concrete obtained as .This reduction reflects higher variability of concrete material parameters in comparison to reinforcement. The global safety factor method can be recommended in combination with NLFEA for concrete structures with lower , since was not derived for special structures with a high variance of resistance such as shear failure.

Single Bridge Girder KA-61

The very first case study is focused on a comparison of ultimate limit state design values of resistance determined by normative methods and semi-probabilistic approach. In the first step of the study, the structure is represented by one girder: simply supported prefabricated prestressed bridge girder KA-61 failing in bending and loaded by half of special six-axle truck according to Eurocode national annex. The KA-61 girder is 19.98 m long; a rectangular cross-section (see Fig. The non-linear finite element model was created in software ATENA 3D and it consists of 13,000 elements of hexahedra type in the major part of the volume and triangular `PRISM' elements in the blue-colored parts of cross-section (see Fig. 1 right). Brick elements were preferred due to general numerical stability and mesh compatibility between two volumes connected by fixed contact, i.e. nodes of elements share the same position in both connected volumes. Moreover, brick elements allow easy definition of structured mesh significantly reducing the number of finite elements in comparison to unstructured mesh consisting of tetrahedra elements. Concrete is described by a non-linear mathematical model according to [9] based on the theory of fracture mechanics. Reinforcement and tendons are represented by discrete 1D elements with geometry according to original documentation. The ultimate limit state is represented by the load applied in the last step of the analysis representing structural failure (peak of load-deflection diagram). Bending failure mode and locations of cracks in the last step of analysis (ULS) can be seen in Fig. 2. Variability of concrete material characteristics are summarized in Table 1 and it is assumed according to recommendations of JCSS [10] -Young's modulus ; laboratory experiments of material obtained from original documentation of the bridge -compressive strength of concrete ; and experiences from the large testing campaign [11] -tensile strength of concrete and fracture energy . Mean values of were determined according to formulas implemented in the fib Model Code 2010. Determined results are depicted in Fig. 3. Reference statistical moments of resistance R were obtained by LHS method with 30 simulations: the mean value is and the standard deviation is . The ultimate limit state design values were determined for reliability index and under the assumption of Lognormal distribution of resistance. Although the design value estimated by the ECoV method is very close to the result of LHS, it significantly underestimates both the standard deviation and the mean value . On the other hand, ECoV by Schlune slightly overestimates the standard deviation , which in combination with the mean value identical to leads to a lower design value of resistance. Nevertheless, the problem is in the estimation of mean value by a single simulation with mean values of material characteristics and the assumption that which is standard in ECoV methods, but it does not lead to correct estimation in this case. Interesting results are obtained by normative methods: partial safety factors (PSF tabular) method highly overestimates the design value of resistance (even after calibration of safety factors by experiments in PSF experiment). On the other hand, EN 1992-2 method leads to very accurate result close to the reference value obtained by LHS. Note that all performed non-linear simulations assuming given probability distribution of input variables lead to identical flexural failure mode in bending and thus all design values compared in Fig. 3 are directly comparable. Fig. 3 Comparison of design values of resistance determined by various techniques.

Prestressed Concrete Bridge

It was decided to create a mathematical model of the middle span of the bridge with a length of superstructure 19.98m and total width 16.60m, which represents the crucial span of the whole bridge. The geometry of single bridge girders KA-61 is assumed according to original documentation including reinforcement and tendons. The shape of the cross-section is simplified to regular shapes (triangular and rectangular) in order to obtain regular mesh, see Fig. 1 (geometry is measured in centimeters).

The girder is assumed as a simply supported beam and supports are assumed as elastic blocks with boundary conditions corresponding to simply supported beam. The geometry of supporting elastic blocks and elastic blocks representing loading plates is assumed according to bridge documentation and national annex of Eurocode for load-bearing capacity of road bridges by exclusive loading by sixaxial truck. Due to the fact, that single girders are not transversally prestressed and thus there is different influence of girders to stiffness of bridge in dependence on their distance to the loading position, it was necessary to create the numerical model of the whole bridge span, see Fig. 4. It consists of 16 bridge girders KA-61 in a transverse direction, each girder is 19.98m long. The girders are connected by reinforcement according to original documentation together with a concrete mixture between single girders, which leads to realistic behavior of the numerical model. During prestressing of structure, especially during prestressing of the superstructure, neglecting the construction process might lead to unrealistic behavior of the whole structure. Therefore, it is often necessary to respect the real construction process in order to obtain the same boundary conditions of mathematical model and real structure. In the case of this bridge, it was decided to model all important construction steps:

1.

Prestressing of girders and application of self-weight.

2.

Activating the concrete mixture between girders and the pavement.

3.

Application of the exclusive load by single six-axial truck.

In this first study, the stochastic model is limited only to two random variables: compressive strength of concrete F c ~ Lognormal (CoV 9%) and prestressing force (after losses) P ~ Gaussian (CoV 6%). Mean value and CoV of f c is obtained from material experiments; mean value of P is obtained from original deterministic calculation and CoV is determined according to JCSS. Note that additional material characteristics of concrete are calculated according to fib Model Code 2010 based on the specific realization of F c . The quantity of interest R represents the weight of a single six-axle truck in tons corresponding to specific limit state. Using software ATENA based on theory of fracture mechanics, the following three limit states were analyzed: a) limit state of decompression, b) limit state of cracking (beginning of cracking) and c) ultimate limit state (load during failure of the bridge). Selected ECoV methods are compared with Latin Hypercube Sampling using 30 simulations in Tab.2. As can be seen from summarized results in Tab. 2, both ECoV methods lead to accurate estimation of mean values in all three limit states. However, there is a significant deviation in estimated CoV for limit state of cracking by both methods. Overestimated CoV leads to conservative design values of resistance and thus such deviation might be still acceptable, but significant overestimation might also lead to unnecessary intervention and thus significant economic impact. Moreover, ECoV by Schlune based on Taylor Series Expansion underestimated the CoV of limit state of decompression. This might be caused by fixed step-size parameter c for all limit states in order to reduce computational demands of this method, though it can be adapted according to for each limit state separately.

Conclusion

The paper presents the results of an initial study focused on the semi-probabilistic assessment of existing concrete bridges using a combination of non-linear finite element method and advanced ECoV methods in order to estimate the design value of resistance. The two practical case studies were presented: Typical single bridge girder and a whole bridge structure. The ultimate limit state of the single bridge girder was analyzed by various safety formats and ECoV methods. Obtained results were compared in terms of estimated design values of resistance. The whole bridge structure was analyzed with respect to three typical limit states. Selected ECoV methods and LHS were employed for the estimation of coefficient of variation of all three limit states. It can be seen, that simplified ECoV methods lead to significantly overestimated CoV of limit state of cracking. Further work will be focused on advanced analysis of the whole bridge structure, i.e. application of presented safety formats (including PSF and EN 1992-2) for estimation of the design value of resistance and since the limited stochastic model might lead to inaccurate results, an extended stochastic model used for single girder will be used in case of the whole bridge structure and obtained results will be compared. In Sweden, Ferreira and Bajic conducted 8 tests on individual hollow core units, simulating flexible supports with plates of different thicknesses under the prefabricated slabs tested, in order to recreate the deflection of the beam [4]. Acc R a c [5], the Swedish experiments also showed a reduction in the load capacity of the hollow core units on flexible supports, in order of 15 to 24 %, due to the transverse bending on the slabs. M c G a , 2000 , R [5] tested 8 large-scale experiences on the behavior of hollow core units on flexible bearings. The shallow mixed floors were composed of two type of IFB steel beams (two different bending stiffness) integrated into the depth of hollow core slabs (265 or 250 mm thick with different cross-section shapes). During these experimental results, Roggendorf observed in all cases a shear-tension failure of one or more edge webs. Moreover, he found that the load capacity of the prefabricated slabs on the various flexible bearings tested was only 52 to 78 % compared to the references on rigid supports. However, despite several beam stiffnesses and the different deflection associated, the load capacities obtained for the floors tested were relatively the same. Roggendorf, as Pajari, explains that the deformation of the beam is not the only decisive parameter responsible for the reduction in the load capacity on flexible supports. Consequently, no effect of the beam stiffness on the shear strength of the slabs could be determined.

In France, the a c a c , P a a [6] were found on the behavior of hollow core slabs on beams, where the objective of his experiments were to show the c b a b c . H rs, each composed of 8 hollow core slabs of the same dimensions and characteristics, but with two different central beams, one test with prestressed concrete beam and the other with an I-shape steel beam. During these experiments, Polania observed a shear-tension failure of the web at the edge units, as well as a 33% reduction in the slab strength between these two beams. In the results, according to this scientist, this decrease was in accordance with the ratio of bending stiffness between the two beams tested. However, Polania explains that the effect of other factor responsible for a reduction in the load capacity of the hollow core slabs could not be measured or studied, such as the composite action.

Design recommandations for hollow core slabs on flexible supports

The European standards [7] and [8] include no information on the effects of flexible supports about the behavior of hollow core slabs, or specific formulae for the design of the shear resistance of slab webs. The specific standard of hollow core slabs [7] only indicates that it is necessary to reduce the shear resistance of the hollow core slabs in the case of flexible supports, in order to consider transverse stresses (acc. section 4.3.3.2.2.1 (3) [7]). Consequently, some countries have implemented their own recommendations. This paper focuses on the Finnish method developed and the German recommendations for hollow cores slabs on flexible bearings. In Finland, the Concrete Association of Finland developed the Code Card N°18 for the design of hollow core units supported on beams [9]. It is based on the design model developed in the Finnish researches and the experimentations (all references are given in the document [9]).

In the Code Card N°18, the phenomenon of transverse shear flow inducing premature failure of the webs is considered in the design of hollow core slabs, as in (1). This formula uses the principal tensile stress, noted and limited to the tensile strength of the concrete at the critical point of the cross-section. This principal tensile stress, established from the Mohr circle, is calculated according to the normal stress ( and ), the vertical stress ( and ) and the transversal stress ( ). That is:

(1) Fig. 6 Representation of the principal stresses of the hollow core slabs supported on beams [10] This principal tensile stress condition, as in (1), can be expressed in an easier form to determine the failure of hollow core slabs webs on beams. In this way, this failure condition, noted , is given to the equation ( 2) by the Code Card n°18. If this equation is fulfilled, the strength verification of hollow core slabs on beams is satisfied.

(2)

The first and the last component in the failure function appear in any slabs and the one in the middle appears only in the slabs supported on flexible supports. With: cp : is the compressive normal stress in the slabs due to prestressing, appearing in the critical section for the stresses of the webs in the hollow core units. It is determined on the assumption of a linear distribution of stresses in this section and according to St Venant (analogously with the formula for prestressed concrete beam). The Code Card 18 gives theses values according to a certain number of hollow core slab types (Table 2/B [9]).

: is the normal stress component due to bending moments of the hollow core slabs in the critical section for the stresses of the webs ( 0). cp : is the shear stress due to development of the prestressing force within the transmission length, appearing in the critical section. The Code Card 18 gives theses values according to a certain number of hollow core slab types (Table 2/B [9]).

: is the shear stress in the webs in the direction of the slab, due to the vertical shear flow of the slab, appearing in the critical section, and determined according to the theory of beams (section 3.3.1 of the Code card 18 [9]).

: is the design tensile strength of the slab webs. : is the transversal horizontal shear stress in the slab webs, due to the longitudinal shear flow, appearing in the critical section, as Definition of the critical section according to the shape of the slabs in the Code Card 18 [9] In Germany, the technical approval of DIBt Z-15.10-279 [11] is used for the design of hollow core slabs on flexible supports. In this approval, no formula is given to verify and estimate the transverse shear strength of the webs. However, based on researches, it gives four specifications to be considered in the design of the hollow core units on beams:

(1) A 50 % shear capacity reduction on flexible supports (shear strength calculated in accordance with Part 3.9 of the DIBt and based on European standards). Let . (2) A permissible deflection of L/300 for the beam.

(3) A mandatory installation of hollow core units on an elastomer strip. This strip must be checked according to the bearing force and must not be less than 35 mm wide and 10 mm think.

6

Structural analysis and design (Title of your topic) (4) A concrete filling of the exterior cells of the hollow core units over a length at least 80 cm with reinforcements (stirrups) or concrete filling of all the cells on a depth at least 25 cm.

Comparaison between code results and results in flexible support tests

The results provided by the Finnish and German codes are compared with the test results, shown in the table below. The comparison includes the experimental tests carried out in Finland [3], Germany [5] and France [6] with hollow core slabs on flexible supports (with integrated steel beam or compositebeam), where shear failure of the webs occurred (section 3).

For the Finnish code, the formula of , as in (1), is compared with the main tensile strength of the hollow core slabs concrete, f ctm . Regarding f ctm , it is derived from the cubic resistance measured in the real tests [5], using the following formulas.

(4)

On the Germany regulation side, the 4 recommadations given are compared with the shemes of the tests. The detailing of most of the tests was different from the requierement of the DIBT approval, therefore the applicabily of the empirical design method for these tests can not be verified.

Conclusions

Thanks to numerous practical advantages they offer, shallow floors are an increasingly popular method to construct flat slabs. The fact that the structure associate structural members with different stiffness offers possibilities to optimize the design of the slab. On the other hand, it requires a proper and sensitive assessment of the interaction between the different structural components. The paper does summarize some practical recommendations for the design of precast hollow core slabs supported on flexible beams. il field a lica i , he a ligh -eigh ceme l i eeded, a de i ed c i i b ai ed b i c ea i g he a e ceme a i ( /c), hich al im lie a c m e i e e g h ed c i . T a id he c m e i e e g h dec ea e, h ll gla mic he e (HGMS) ha e bee idel ed i hi i d . Ma e ea che ha e bee d e f c i g mai l he mecha ical e ie f ceme l ie i h HGMS. I hi d a a al i f he chemical i e ac i be ee HGMS a d ceme l ie i e e ed a d, i ce HGMS a e mai l c m ed f am h SiO2, i la ic ac i i i a e ed.
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I d c

Ceme l ie i f e h c di i a e m ed h gh he e ac i ell hei fi al l ca i , cc i g he a la ace c m ehe ded be ee he ck ma a d he ca i g. D i g hi ced e, a h d a ic e e e i ge e a ed e he ck ma hich ca e c me i f ac e g adie . Thi i defi ed a he e i ed e e ge e a e f ac e i a ck ma a a gi e de h. Thi e e i c lled b adj i g he ceme l de i . Gi e he mecha ical limi a i f adi i al ligh eigh ceme l ie i h high ( /c), he e ce i all l de i f HGMS make hem a ia e f hei e i ceme l ie de ig ed f e ac i ell i h l f ac e g adie [1]. The e HGMS a e cha ac e i ed b hei high c hi g e g h, l de i a d SiO2 c m i i [2].. I he e ea ch de el ed b Ma e al. [3] ma e l b ai ed b a i a h f he e f HGMS i il ell ceme l ie e e e e ed. The e f HGMS ig ified a ed c i be ee 200 kg/m 3 a d 700 kg/m 3 ceme l ie de i ie . A e e ed i Fig e 1, a ela i be ee ceme l ie ia ial c m e i e e g h (UCS) a d hei de i i e ified. Sl ie de i i ela ed HGMS de i a d he am f ceme e laceme b HGMS. De i e he l e c hi g e g h f l e de i HGMS (Fig e 2), he e f l e de i HGMS im lie a ed c i he am f ceme e laceme a d, he ef e, a i c ea e i l UCS (Fig e 3). Be ide , i i al e h ha he e i clea ela i be ee HGMS c hi g e g h a d l ie UCS a h i Fig e 4. c) ceme e laceme e e ed. The d age f h ee l ie e e e a ed i acc da ce i h API S a da d 10A [6]. Cla G ceme i made f he ame c m d a di a ceme (mai l C3S, C2S, C3A a d C4AF). H e e , he i f he e a b ai a ceme i able f il ell ceme i g e, i h ecified hicke i g ime ( ela ed he abili be m ed) a d c m e i e e g h 8 h i diffe e de e mi ed c i g c di i . The ed HGMS a e mall b ilica e gla he e [3], h e i e a e 30 a d 40 mic me e f HGMS27 a d HGMS41 e ec i el . The a e cha ac e i ed b hei chemical a d he mal abili , hei high c hi g e i a ce a d hei l de i (0.28 a d 0.46 g /cm 3 f HGMS27 a d HGMS41 e ec i el ). The a e /bi de a i ( /b) ed a 0.44. I he ca e f he l ie i h /b f 0.44 a d he addi i f HGMS, a e la ici e a ed facili a e mi i g a i dica ed i Table 1 

Whe e, CH: mg f CH c med e g am f HGMS, V1: l me f HCl (0.1 N) e i ed i a e 25.0 + 2 ml f he fil a e l i f he bla c e e ime , a d V2: he l me f HCl (0.1 N) e i e i a e 25.0 + 2 ml f he fil a e l i f he HGMS e e ime .

The SAI i mea ed f ll i g he ecifica i f ASTM C311 [8]. Thi i de i b ai ed b mea i g UCS f he ceme m a i h ecific d age a 7 a d 28 da f c i g ime. Thi a da d a ada ed f ell ceme l ie , i g he i me i ed i Table 2. • 100

(2) Whe e RCa,i i he UCS [MPa] f ceme l i h 10% b c f HGMS a c i g ime i (7 28 da ) a d RC ,i i he UCS [MPa] f lai cla G ceme l a c i g ime i (7 28 da ). Fi all , a FEI QUANTA 250 FEG mic c e a 30 kV a ed b ai he SEM image a d he EDS eleme al ma i g. The am le e e c e ed i h a hi la e f g ld c a i g. The e image e e ac i ed f ceme l ie CS27 a d CS41 a 28 a d 100 da f c i g ime. I addi i , EDS eleme al ma i g image e e b ai ed ali a i el mea e he e e ce f Ca a d Si ea HGMS.
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The chemical i e ac i f HGMS i h il ell ceme l ie a cha ac e i ed b a al i g hei la ic ac i i h gh CH c m i a d c m a i g i h efe e ce e . Th gh he m dified Cha elle e , CH c m i e g am f addi i f 1365 CHmg/g a d 1107 CHmg/g e e bai ed f HGMS 27 a d HGMS 41, e ec i el . B h HGMS h ed a CH c m i highe ha he a da d limi f 700 CHmg/g c ide a addi i a la [7]. Th gh hi e , e e al a h died he deg ee f la ic ac i i f a i f adi i al leme a ceme i i ma e ial (SCM ). The ilica f me died b Vejmelk a e al. [9] ielded 1600 CHmg/g; he me c mme cial me aka li e ed b Fe a e al. [10] h ed a c m i be ee 900 a d 1600 CHmg/g; a d Ali e al. [11] f d ha fl a he achie ed a a eage c m i f 450 CHmg/g c m i . I addi i , i he e ea ch de el ed b Fe a e al. [10], a ela i hi be ee he e l bai ed h gh he m dified Cha elle e a d he mea a icle i e a ed. F a gi e SCM, he g ea e he mea a icle i e, he l e he c m i f CHmg/g b ai ed. Thi ed ede c i e ified h gh all he SCM died i he e i e ea ch k . F m c m a i g HGMS27 a d HGMS41 i h efe e ce e l i i h ha b h cla e f HGMS e e a la ic ac i i c m a able ha f he c mme cial me aka li e ed i he e ea ch f Fe a e al. [10]. Addi i all , he ela i hi be ee he mea a icle i e (D50) a d CHmg/g c m i i al e ified f he e HGMS. HGMS41 D50 i g ea e ha ha f HGMS27 a d he CH c m i f HGMS27 i g ea e ha ha f HGMS41. I i h me i i g ha , h gh b h cla e f HGMS e e a imila CH c m i ha f c mme cial me aka li , hei D50 i c ide abl la ge . Thi beha i c ld be a ib ed he highe eac i i f HGMS hei highe ecific face gi e hei l de i .

C H G C . 1,2, B. 3, A. 3,4, D 5 . 2
The SAI a mea ed i ag eeme i h ASTM C-311 [8] a d he e l b ai ed a 7 a d 28 da f c i g ime a e e e ed i Table 2. A c ide able i c eme i he UCS f am le i h 28 da f c i g ime i e ec ed i am le i h la ic addi i [12], [13]. 

Ac edge e

The Measurements and recalculations on existing reinforced and prestressed concrete bridges have shown that long-term deformations of concrete structures can significantly exceed deformations predicted by creep models currently available. Bažant [1] and, previously [2]- [5], ascertained that the superposition of static creep loading and cyclic loading causes an increase in long-term deformations of concrete. The underestimation of deformations might lead to serious damage and safety risks. However, neither the magnitude of additional deformation caused by the superimposed cyclic loading nor the long-term development of these additional deformations during the service life are known so far. In this paper, the differences in strain development due to creep or cyclic loading are investigated in a first step to analyse the effect of superposition of creep and cyclic loading. The total strain due to static creep loading tot,cr consists of an elastic strain el and a timedependent creep strain component v,cr [2], [6]- [7], (see Fig. 1 b)). In the field of cyclic strain analysis, the development of strains at maximum tot,max and minimum peak stress tot,min are usually investigated. Those peak strains also consist of an elastic strain el and a time-dependent, viscous strain component v (Fig. 1 d)). In addition, a load cycle-dependent, plastic strain component could be induced by damage [8]- [10]. The similarity in shapes of strain curves due to creep and cyclic loading led to the assumption that the strain development due to cyclic loading can be described by the strain development caused by a specific static creep stress level [3], [10], [11]. The fib Model Code 2010 [12] provides equation ( 1), following creep formulations for calculating the total strain due to cyclic loading. The equation given is valid for maximum stresses and mean stresses . The first term describes the elastic strain component el as a constant strain component resulting from the maximum cyclic stress. The second term describes the time-dependent, viscous strain v,cycl resulting as a function of creep due to the mean cyclic stress, calculated as the mean value from the maximum stress and the minimum stress .

Refe e ce

(

The mean stress level concept of fib Model Code 2010 [12] is controversially discussed in the literature. A stress level between the mean and maximum cyclic stress level is often indicated as a creep stress level leading to comparable strain curves [3], [10], [11]. Whaley and Neville [2] found that the total cyclic strains at maximum peak stress for cyclic loading with a frequency of 9.75 Hz and maximum stress levels in the range of S max = 0.15 to S max = 0.55 are even higher than those resulting from static creep stress levels equal to the maximum cyclic stress level. Hereby, the difference between the total cyclic and creep strains increases with increasing stress levels. But Mehmel and Kern [3] showed that the total cyclic strains at maximum peak stress of cyclic loading with a frequency of 6.3 Hz and maximum stress levels in the range of S max = 0.40 to S max = 0.60 are comparable to the total strains at a creep stress level equal to the maximum stress level of cyclic loading. Whaley and Neville [2] and von der Haar [10] defined an equivalent creep stress level as a stress level for which the creep strains are equal to those due to cyclic loading depending on the mean stress level and the relative stress amplitude. It must be stated that von der Haar [10] investigated only cyclic strains with maximum stress levels S max 0.6, whereby Whaley and Neville [2] and Mehmel and Kern [3] performed comparative investigations concerning creep and cyclic strains with maximum stress levels S max < 0.5.

There is generally no consensus in the literature about if and to which extent the developments of strain due to static creep and cyclic loading are comparable or which principal differences exist. Therefore, the developments of viscous strain are analysed comparatively for static creep and cyclic loading with coordinated stress levels S max 0.45 in this paper. Special attention is paid to the comparabiltiy of creep and cyclic strains.

Concrete composition and specimens

All investigations were carried out on a normal-strength concrete. The samples were cast in two batches with 28-day mean compressive strengths according to DIN EN 12390-3 [13] of f cm,cube = 35.7 MPa (batch 1) and f cm,cube = 37.5 MPa (batch 3), respectively. The composition of the concrete is given in Table 1. The creep and cyclic tests were conducted on cylindrical specimens with a height h = 180 mm and a diameter d = 60 mm. PVC formwork was used for the casting. The concrete was filled into the formwork in two equal layers and each layer was mechanically compacted using a vibrating table. All samples were stored at 20 °C and demolded after five to six weeks. After removal from the formwork, the test surfaces of the specimens were plan-parallel ground and polished. The entire sample was sealed with aluminium-coated butyl tape and stored at 20 °C until testing for at least 140 days to ensure an almost complete hydration and avoid additional hardening of the concrete during testing. The storage condition chosen (referred to as V100) ensures a constant pore moisture content of approx. 100 %. The specimens were tested in sealed state to prevent drying shrinkage.

3 Experimental programme

Experimental set-up

The static creep tests were conducted using a creep testing machine with a maximum load capacity of 45 kN and a load precision of 1 kN. The stress was monotonically increased up to the intended creep stress level S creep using a hydraulic load cylinder connected to a high-pressure buffer reservoir and subsequently maintained constant. A class 0.5 servohydraulic universal testing machine (according to ISO 7500-1 [14]) with a load capacity (compression) of 500 kN was used for the cyclic testing. First, the stress was monotonically increased up to the mean stress level. Subsequently, the load oscillation, as defined by the mean stress level S mean , the amplitude and the frequency f t , was started.

In both, static creep and cyclic tests, the axial deformations of the specimens were measured continuously throughout the entire test using three linear variable differential transformers (LVDTs) d d h g f 0 120 d 240 (F g. 3). In addition, the axial force, the axial stroke of the actuator, the ambient temperature and the temperature at the top of the loading plate were measured and recorded. The sampling rate was 1 Hz for creep investigations and 10 Hz for the cyclic investigations. Fig. 3 Experimental set-up

Test programme

The compressive strength of the concrete was determined force-controlled immediately before testing using three cylindrical specimens of the same batch, with the same dimensions and storage condition (sealed) as those used in the creep and cyclic loading tests. The reference compressive strength f cm,ref was calculated as mean value and used for the determination of the stress levels (S i = c , i / f cm,ref ). The maximum stress level S max , mean stress level S mean and minimum stress level S min or creep stress level S creep were kept constant within each test. The test programme is given in Table 2. The stress levels are chosen with regard to typical stresses during the service life of concrete structures such as bridges. The maximum stress level S max was varied while the minimum stress level S min and the load frequency f t of the cyclic tests were the same in all tests. Two accompanying static creep tests with load levels of S creep = S max and S creep = S mean , respectively, were carried out for each type of cyclic test (S max ; S mean ; S min ). Each test regime was carried out with three different test durations (3,6 tests was respectively twice the number of the cyclic tests. This test regime was chosen to enable a sufficient number of repetitions while keeping the total duration of the test programme limited. As mentioned before, the specimens were cast in two batches due to the number of test specimens required. Even though the same composition and the same casting procedures were used, there are slight differences in compressive strength and modulus of elasticity at the age of loading (cf. Tab. 3). As described previously, the reference strength f cm,ref was determined directly before testing using three cylindrical specimens of the same batch, with the same dimensions and storage condition (sealed) as those used in the creep and cyclic loading tests. The modulus of elasticity at the age of loading E ci (t 0 ) was determined as a secant modulus of the stress-strain curve while the stress was monotonically increased at a rate of approx. 0.5 MPa/s. Taking into account the batch dependency, the specimens for cyclic tests with S max = 0.35 and those for the corresponding creep tests (Tab. 2, line 1-3) were taken from batch 1. For S max = 0.45 and the corresponding creep tests (Tab. 2, line 4-6), the specimens were taken from batch 3. The specimens of batch 2 were used for other investigations not presented in this paper. 

Data analysis

The axial deformations were measured using three LVDTs directly on the specimen, as described in section 3.1. The strains measured are averaged for each specimen to determine the total strain tot and its development due to static creep or cyclic loading. The viscous strains analysed are the mean viscous curves of those specimens investigated with different test durations (Tab. 2).

In the following, the total strain curve tot,cr for creep loading and the peak curve at maximum stress tot,max for cyclic loading are analysed (Fig. 1 b) and d)). The peak curve at minimum peak stress tot,min for cyclic loading is not analysed hereinafter, as there are no significant differences in the viscous strains due to maximum peak stress v,max and minimum peak stress v,min . In accordance with fib Model Code 2010 [12] (see eq. ( 1)), a distinction was made between the elastic strain el emerging immediately at the beginning of loading and the time-dependent viscous strain v,cr or v,max . In this paper, the elastic strain component el is defined as the strain when the creep stress S creep is reached or, in the case of cyclic loading, the strain when the maximum stress S max is reached in the first load cycle. The time-dependent viscous strain component v,cr or rather v,max is calculated from the total strain tot,cr or rather tot,max by subtracting the elastic strain component.

Results and Discussion

The mean curves of the viscous strains at maximum stress level due to cyclic loading v,max (blue) are shown for both maximum stress levels together with the mean viscous strains due to creep loading v,cr at S creep = S mean (red) and S creep = S max (yellow) in Fig. 4 and Fig. 5. Strain developments in fatigue research are usually analysed in relation to the number of load cycles. Therefore, it is important to state here that the analysis of strain developments is done in relation to the loading duration in order to enable the comparison with the static creep strain curves.

From Fig. 4 it can bee seen that the viscous maximum strains due to cyclic loading v,max for S max = 0.35 exceed the strains due to static creep loading v,cr with S creep = S mean. . For S max = 0.45, the viscous maximum strains due to cyclic loading v,max exceed the strains due to static creep loading v,cr with S creep = S mean even more, as shown in Fig. 5. The viscous strains due to cyclic loading v,max with S max = 0.35 (Fig. 4) are less but extremely close to that one caused by static creep loading v,cr at S creep = S max . In comparison for S max = 0.45, the strains due to cyclic loading v,max are significantly lower than the creep strains v,cr at S creep = S max (Fig. 5). It can be assumed that these differences between the strains due to cyclic v,max and creep loading v,cr for S creep = S max increase further with increasing maximum stress level. The growth of the mean viscous maximum cyclic strains v,max and the mean viscous creep strains v,cr due to S creep = S max is generally most similar at the beginning of loading. As soon as the growth flattens and the curves become more linear, the differences between the cyclic curve and the creep curve for S creep = S max become evident. In this area, the gradients of the cyclic strain curves of both stress levels are smaller than the gradient of the appropriate creep strain curve with S creep = S max . Furthermore, the gradients of the cyclic strain curves are closer to the gradients of the creep curves at mean stress level S creep = S mean . Whether the gradients due to cyclic loading and creep loading at S creep = S mean will converge for a longer loading duration and correspond at a certain time can be neither confirmed nor disproved by the presented investigations.

The results obtained are in contradiction to the results of Whaley and Neville [2], where the cyclic strains for an increasing stress level are increasingly higher than the creep strains for S creep = S max . Thus, the results presented here show exactly the opposite influence of cyclic loading. However, these results also disagree with Mehmel and Kern [3], who stated that the total strains due to cyclic loading are comparable to those caused by creep loading with S creep = S max . Nevertheless, the results obtained agree with Whaley and Neville [2] and Mehmel and Kern [3] in the fact that the strains due to cyclic loading are closer to the strains due to those caused by creep loading with S creep = S max . This contradicts with the current design approach in fib Model Code 2010 [12] for cyclic strain development, which considers the viscous strains due to creep loading on a mean cyclic stress level (see eq. 1). The overall objective of the research project is to examine the mutual influence of both types of loading i.e. static creep and cyclic loading and to prove and improve the approaches for the description of the strain development. The investigations presented in this paper are focused on the comparison of the developments of strain due to cyclic or static creep loading considering two stress levels. A normal-strength concrete, which has a high constant pore moisture content of approx. 100 %, was investigated.

Cyclic tests with a minimum stress level of S min = 0.05 and two different maximum stress levels of S max = 0.35 and S max = 0.45 and corresponding creep tests were conducted to determine the influence of the load type with respect to the maximum stress level.

The results obtained clearly show that the viscous maximum strains due to cyclic loading are higher than those due to creep loading at S creep = S mean and below the creep strains at S creep = S max within the duration of loading of 13 days investigated. Thus, the approach of fib Model Code 2010 [12] for modelling the strain development due to cyclic loading by using the strain caused by creep loading with S creep = S mean is not correct (at least for short durations of loading). Furthermore, the viscous maximum strains due to cyclic loading are closer to the viscous strains due to creep loading with S creep = S max . However, the creep strains at S creep = S max exceeds the cyclic strains at the maximum stress level S max . After the initial strong increase in all strain curves, the gradients of the cyclic strains are lower than those of the creep curves for S creep = S max and instead more similar with the one for S creep = S mean .

The results obtained generally reveal that the mean stress level concept of the fib Model code 2010 [12] is not suitable for the modelling of the development of cyclic strain. A transfer to the usage of the maximum stress level does not seem to be suitable either at this state of investigation, because this approach, would increasingly overestimate the visvous cyclic strains with increasing maximum stress level. This would lead to an uneconomical dimensioning of buildings.

The experimental investigations conducted were limited to a duration of loading up to 13 days. To what extent the conclusions drawn can be transferred to longer loading will be examined in further tests. Furthermore, the influence of other parameters such as the minimum stress level and the test frequency has to be investigated.

F d ) h h b j L d d f d d (399508601). Th h d k h g d f h f pport.
The newly developed material carbon short fiber reinforced concrete (CSFRC) was investigated extensively in the last years. This material combines high tensile strength of the carbon fibers with ultra-high compression strength of concrete. The focus lies on orienting the fibers in order to gain the most possible tensile enhancement. This is achieved by admixing the carbon fibers in the wet concrete and extruding the paste throughout a small nozzle guided by a specifically designed concrete 3D-printer.

Due to very high fatigue resistance of carbon fibers, this study is looking at bone shaped tensile specimens under high cyclic fatigue load. In order to observe the process of crack growth and the mechanics of fatigue failure, we combined measuring techniques as digital image correlation and electrical resistivity measurement. Carbon fibers are electrical conductive and they transfer this ability to the compound material and to the specimen. By measuring the voltage drop at several specific points on the specimen's surface, allows to detect material degradation. The amount of electrodes and connection nodes were increased continuously in order to enhance accuracy and to obtain a localization of material degradation. Comparing the results with digital image correlation, both measuring methods show up parallels, meaning changes in strain are also visible in conductivity measurement.

Extended investigations on the newly developed material carbon short fiber reinforced concrete (CSFRC) have been carried out in the last years [1], [2]. This material combines high tensile strength of carbon fibers with high compression strength of concrete. Thereby, the focus lies on orienting the fibers in order to gain the most possible tensile enhancement. Looking at statistics, when molding fiber reinforced concrete in a conventional way only very view fibers are oriented in the desired direction of force. In [3] it is pointed out, that only 6% of the fibers are arranged within an angle of 20°. This angle is, however, a very important key fact in order to increase the tensile strength and to use the fibers in a resource-saving manner. The tensile strength reduces by approximately 40% for a fiber-load-angle of 20° and even by 65% for an angle of 30° [4]. Similar coherence are known for carbon fiber reinforced polymer [5]. In CSFRC, 70% of the fibers align within an angle of ±10° to 15° of the desired direction as an examination using an X-ray CT [6] shows.

The fiber orientation can be adjusted by considering the mold process. [7] shows very clearly the effect of fiber orientation by investigating steel fiber reinforced concrete with an X-ray radiography. There, a chute was used to fill an oblong mold from one side and let the fresh concrete flow to the far end of the mold. Only because of coherent concrete movement, the admixed steel fibers oriented in flow direction within an angle of 15 to 25°. The very same effect takes place when extruding CSFRC throughout a small nozzle.

The carbon fibers (ZOLTEK PX35) used for the production of CSFRC are 7 µm in diameter and 3 mm in length, thus having a length-diameter-ratio of 428 which is much higher compared to steel fibers with a common ratio of about 50. They are heat pretreated in order to remove the facing, which is optimized for the use in resin systems but disturbs the connection of concrete phases. Also, the fiber surface starts to oxidize and therefore the ability for fiber separation while admixing in concrete is increased. [1] examines different methods for improving fiber-matrix-bonding turning out with the described method as the best for carbon fibers. The concrete mixture can be found in Table 1. The dry components are poured in the mixing machine and homogenized before adding water and superplasticizer. The admixture has to be stirred very well to reduce nozzle choking due to dry agglomerates of cement, silica fume or aggregates. At the end, the dry, pretreated carbon fibers are added and mixing is continued for only a short amount of time to dispense the fibers homogenously during concrete mixing process. Investigations on separated carbon fibers from the admixture show, that long term mixing destroys the fibers and lower tensile and flexural strength are measured [8]. Finally, the admixture is extruded through a nozzle with a diameter of 4 mm using a 3D-printer (Figure 1). Preparation of specimen is executed by adding several layers of extruded material while guiding the nozzle in the desired direction. Without the need of a mold, freeform specimens can be produced. Limiting factors are the height and overhanging constructions. Because of high amount of superplasticizer, the wet concrete tends to flow apart after extrusion when exceeding a certain number of layers or buckling problems lead to tilting over of uncured concrete parts. In order to achieve more precise specimen edges and waveless surfaces a mold is pressed onto the specimen's sides after printing process has finished.

With this kind of probe preparation and concrete extrusion, the tensile and flexural strength is improved tremendously. For reaching the best strengthening effect, an orientation in direction of the principle tension stress is preferred. Under static loads a tensile strength of 23.8 N/mm² can be reached utilizing a fiber content of 2 Vol.-%. In flexural tests a 28-day strength of 57.6 (±5.4) N/mm² is reached. By using a higher fiber content the number of nozzle choking increases and specimen production becomes more complex. However, in smaller dimensions the use of fiber contents of 3 and 4 Vol.-% are described to lead to flexural strengths of 119.6 (±7.6) N/mm² [9], which meets the compression strength of this material at the same level. The reason for failure, meaning fiber rupture or fiber pull-out, is unknown to this point but shall be observed in further studies.

The use of carbon fibers changes the properties of concrete in such a way that electricity can be conducted. The quite big amount of fibers leads to small distances between themselves and several junction points as well, making current flow through the specimen.

It is well known, that changes in stress and strain influence the electrical resistivity of specimen [10]- [START_REF] Noh | Comparative Performance of Four Electrodes for Measuring the Electromechanical Response of Self-Damage Detecting Concrete under Tensile Load[END_REF]. [10] examines the effect of compression on cubes under quasistatic load with repeated load cycles. Their results show very well, that it is possible to show a change in electrical resistivity, although there seems to be no linear relation between strain and change in resistance (Figure 2a). Another study [11] though states that in 3-point-bending tests measuring the change in resistance on compression and tension side shows a linear correlation (Figure 2b). This study examines the change in electrical resistance under tensional fatigue load. In a first approach, the change of resistivity is measured by supplying a uniform voltage of Uout = 10 V to a resistor, which is put in series with the probe (Figure 3a). The resistor is used to calculate the current running through the specimen with Ohm's law (1):

! " # $ % (1) 
The size of the resistor was chosen in the beginning of the tests and set to 10 kΩ due to accuracy reasons. The measured resistance of a specimen varies between from about 100 Ω to 5,000 Ω, conditioned by better and worse connections of the electrodes on the specimen's surface. To connect the electrodes to the specimen's surface, different methods were tested. At first a carbon spray was used leading to a big sized connection of about 40 x 40 mm and higher resistance measurements. Next, a glue filled with milled carbon fibers was used, so the connection area could be reduced to about 5 x 5 mm. However, the measured resistance was still in a range of about 10 kΩ. At last, a silver lacquer reduced the resistance to a range of 1 kΩ. Further investigations showed even better results of about 200 Ω when applying the electrodes to an untreated surface of the specimen in comparison to an area which was sandblasted or cut with a stone saw. It can be assumed that using these surface treatments, the carbon fibers are broken and only small fiber tips are sticking out of the surface, while in an untreated area the carbon fibers lie aligned to the surface making up a bigger connection area.

As the junction itself always implies an unknown resistance, the measurement was extended to the four-terminal sensing [START_REF] Webster | Electrical Measurement, Signal Processing, and Displays[END_REF]. With this method, current is brought into the specimen at two electrodes, while voltage measurement takes place at two other electrodes positioned between the current electrodes (Figure 3b). As the input resistance of the voltmeter is very high (>1 MΩ), current flowing through the voltage measuring electrodes is neglectable and therefore there is quasi no voltage drop at the connections which leads to undisturbed voltage and resistance measurement.

In this study, the four-terminal sensing was extended by combining it with the first approach measurement in order to gain more information about the part of specimen where damage occurs (Figure 3c). By looking at the change in voltage at each electrode, damage increases the partial resistance between two electrodes and the voltage difference rises. This setup can be reduce to the four-point sensing by subtracting U1 and U2. The voltage measurement U0 is used to calculate the current applied to the outer electrodes. Figure 3c also shows the equivalent circuit for the extended measurement setup. As all components are arrange in series, current is the same at each point within the circuit, meaning that the resistance can be derived from the measured voltage with the following equations: 
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To measure voltages at different electrodes, a HBM QuantumX MX840B universal measurement amplifier with 24-bit ADCs and eight channels is used. Looking at the resolution capacity of this device shows the good eligibility of this setup. By setting the amplifier's measuring voltage range from -10 V to 10 V, a resolution of 1.19 µV per ADC-increment can be achieved. Calculating with (3) the overall resistance R0 from the measured voltage U0 (see Figure 3a), an accuracy of ΔR = 1.472 mΩ per ADCincrement for a voltage of 1 V and ΔR = 4.768 mΩ per ADC-increment for a voltage of 5 V. Even for larger measured resistances than the chosen reference resistor Rref this setup works quite well as ΔR is only 1 Ω while the specimens resistance is about 279.6 kΩ (U = 9.655 V).

In order to detect damage during load cycles, 16 electrodes were attached to the specimen's surface (Figure 4). The specimen's outer size is 450 x 100 x 50 mm, the cross section of the center part is 50x50 mm. The electrodes are arranged on three edges with a vertical distance of 25 mm to each other. Voltage is supplied via the reference resistor to electrode U0 according to Figure 3c with additional electrodes. Next to electrical resistivity measurement, several other measuring sensors like LVDTs, strain gauges, temperature sensors and digital image correlation (DIC) are set up for damage detection.

Voltage applied induces an electric field within the specimen leading to a non-constant current density over the cross section of the specimen. The considerations shown above in Figure 3 and equations (3) to ( 5) cannot be transferred directly to the measurement setup depicted in Figure 4. They work out well for the vertical string U2-U6 where the external voltage is applied, however the other two strings are faulty as the probe is three dimensional and actual current depends on the distance to the input and output electrodes. The size of current density behaves in an onion-shape or like an electric field with the center axis going from the input electrode U0 to output electrode GND. The measured voltages in string U2a-U6a are smaller than in string U2-U6, U2b-U6b are smallest. Nevertheless, looking at the measured voltages, the results are qualified very well for damage detection. The executed fatigue tests clearly show similar results compared to literature findings [10]- [START_REF] Noh | Comparative Performance of Four Electrodes for Measuring the Electromechanical Response of Self-Damage Detecting Concrete under Tensile Load[END_REF] as each load cycle can be detected (Figure 5a) even in the distant measuring string. Figure 5b andc show two different evaluations of the same measurement. Figure 5b shows the real measured voltages. The extreme rise of sensor U2b is clearly visible, however smaller changes of the other electrodes are hard to see. The measured voltages are all dependent on the electrode U0, where external voltage is applied. The voltage drop at a relative load cycle of 0.90 is visible in all sensors and can be reversed to a voltage drop at electrode U0. To cancel this effect out, the change of two adjoined electrodes is examined. To improve apparently furthermore, the change in voltage between two adjacent electrodes is related to their primary voltage drop of the first load cycle as shown in Figure 5c. The formula for this is (5), where i describes the number of electrode and n describes the load cycle. Comparing this result with digital image correlation proves very well the reliability of electrical conductivity measurement. The electrodes were attached to the left side as marked in Figure 6. The image was taken at a relative load cycle of 0.99 shortly before collapse. There are many micro cracks all over the probe's surface visible in a light green color. Two major cracks (though with a very small crack strain [‰] opening of about 40 µm) arose during fatigue test with high tensional strain marked in red. The crack in the lower area between electrodes U5b and U6b is not totally proceeding to the left edge, while the one in the upper area at electrodes U2b and U3b seems to originate from there. This perception matches the curve progression in Figure 5c. Evaluation U3b-U4b and U4b-U5b behave simultaneously while the other two detect some change in electrical conductivity. As the upper crack is very close to the electrodes, current is forced to find a way around the crack and the voltage difference increases vastly. As the lower crack barely reaches the electrodes on the specimen's left edge, the measurement of sensor U5b-U6b is barely affected. Compared to the plot in Figure 6 the strain evolution matches the resistivity revolution very well.

To improve testing and localization, additional investigations are planned. Connecting electrodes on all four sides of the specimen or with a fine-meshed sensor grit all over the surface can help to detect damage during fatigue testing more accurately. As current is always accompanied by electric and magnetic fields, techniques like EEG (Electroencephalography) [START_REF] Zschocke | Klinische Elektroenzephalographie[END_REF], [START_REF] Niedermeyer | Electroencephalography: Basic Principles, Clinical Applications, and Related Fields[END_REF] or MEG (Magnetoencephalography) [START_REF] Hämäläinen | Magnetoencephalography theory, instrumentation, and applications to noninvasive studies of the working human brain[END_REF], which are widely used for medicine purposes as for detecting cerebral activity, could lead to a more detailed observation of the damage process during fatigue testing. These techniques are highly complex and need to be elaborated for this material in further studies.

The development of including carbon fibers as a reinforcement in concrete increases its tensile strength significantly. Techniques like fiber pretreatment and fiber orientation help to achieve best strength results and an economic use of materials. These qualities are accompanied by the effect of reducing the concretes electrical resistivity, which makes it possible to monitor damage progression during fatigue tests. Best electrode linkage has been obtained with conductive silver lacquer. Compared to digital image correlation very similar results to strain measurement were detected, proving the reliability of this technique. 
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 7 Fig. 7 Comparison of selected F-d diagrams obtained from laboratory tests and numerical model simulations with identified values of parameters of tested specimens -WG_wet (left) and WG_air (right).

  Fig.1Original geometry of cross-section (left) and simplified geometry for NLFEA (right).
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Fig. 2

 2 Fig. 2 Prestressed concrete girder KA-61: bending failure mode and locations of cracks during ULS (right), corresponding load-deflection diagram of KA-61(right).

Fig. 4

 4 Fig. 4 Construction process (3 steps) of the bridge consisting of 16 girders KA-61
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 7 Fig. 7Definition of the critical section according to the shape of the slabs in the Code Card 18[9] 
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Fig. 1 2 Fatigue of concrete structures

 12 Fig. 1 Schematic presentation of creep and cyclic loading as a function of time (a) and c)) and corresponding strain components (b) and d))251

  and 13 days). The number of creep Temperature sensor LVDT Aluminium-coated butyl tape Temperature sensor Fatigue of concrete structures

Fig. 4

 4 Fig. 4 Development of viscous strains due to cyclic loading and creep loading (S max = 0.35) Fig. 5 Development of viscous strains due to cyclic loading and creep loading (S max = 0.45)

Figure 1

 1 Figure 1 a) 3D concrete printer with working volume of 1.00 x 1.00 x 0.50 m. b) Printing process by extruding carbon short fiber reinforced concrete throughout a 4 mm nozzle.

Figure 2 a

 2 Figure 2 a) Change in resistance measured in compression tests with no linear correlation to strain [10] versus b) linear relationship in a 3-point-beding-test [11].

Figure 3

 3 Figure 3 Development of electrical circuit for localized damage indication. a) initial approach for overall resistance measurement, b) four-point sensing in order to get undisturbed resistance measurement due to high electrode connection resistances, c) extended four-point sensing and equivalent circuit used for localized damage detection.

Figure 4

 4 Figure 4 left: picture of applied electrodes during fatigue test showing electrodes U2 -U6 on the left and U2a -U6a on the right. right: electrode arrangement and position of DIC-camera. The camera is located on the opposite side compared to the left picture.

Figure 5

 5 Figure 5 Voltage measurement of string U2b-U6b during fatigue test with a total of N = 409,063 cycles. a) Each load cycle can be traced back using the voltage measurement. b) Overall voltage evolution. c) Relative voltage evolution with clearly revealing areas of damage progression.

Figure 6

 6 Figure 6 Strain measured with digital image correlation across the specimen's surface. The electrodes U2b-U6b are attached as marked on the specimen's left side, showing very similar results to Figure 5c.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 

	Mean values (coefficients of variation in %) of the mechanical fracture parameters and
	relative values Pair/wet related to the type of curing conditions and related to the evaluation
	method PID/TEST (in %).			
	Parameter	Unit	WG_wet	WG_air	Pair/wet	PID/TEST
	Ec	GPa	16.0 (11.0)	10.4 (0.1)	65.0	111.9;
	Ec,ID	GPa	17.9 (11.0)	11.2 (0.3)	62.6	107.7
	KIce	MPa•m 1/2	0.697 (4.6)	0.348 (3.9)	49.9	-
	GF *	J/m 2	96.9 (5.6)	51.9 (14.5)	53.6	108.0;
	GF,ID	J/m 2	104.7 (6.6)	56.0 (24.7)	53.5	107.9
	ft,ID	MPa	3.06 (11.0)	1.10 (9.6)	35.9	-
	lch	mm	210.8 (40.0)	539.9 (45.4)	256.1	-
	MAPE0.2	%	2.40	3.10	-	-
	MAPEW0.2	%	0.78	0.45	-	-

Table 1

 1 Stochastic model of single prestressed bridge girder KA-61.

	Parameter	Mean	CoV [%]	Probability distribution	Units
		59	9	Lognormal	[MPa]
		4.6	16	Lognormal	[MPa]
		38.8	15	Lognormal	[GPa]
		152	22	Lognormal	[Jm 2 ]

Table 2

 2 Obtained results of ECoV methods employed for semi-probabilistic analysis of the bridge.

	Limit state Červenka ( [ton] /	) Schlune ( [ton] /	) LHS ( [ton] /	)
	a)	295 / 0.062	295 / 0.039	295 / 0.062
	b)	728 / 0.094	728 / 0.062	717 / 0.045
	c)	800 / 0.079	800 / 0.071	792 / 0.059

Table 1

 1 Summary of experimental research for hollow core slabs on flexible supports.The calculation model developed in the Code Card 18 presents homogeneous and coherent values in relation to the available test results. The mean value of the test to calculated value is 1.38 with a COV of 0.14. The model consistently predicts the correct failure mode. The evaluation shows that the model original developed for slabs produced in Northern Europe can provide a realistic and reliable estimate of the effect of the support flexibility also for slabs produced in France and Germany.

	N Tests	Center of	Beam	Authors	Years Code[9]	Dibt[11]
			research	type			1/ fctm	4 conditions fulfilled
	1	DELTA 265	VTT	CR	Koukkari	1990	1,23	no (1-3-4)
	2	WQ 265	VTT	S	Koukkari	1990	1,30	no (2-3-4)
	3	WQ 400	VTT	S	Pajari	1992	1,42	no (3-4)
					Iso-Mustajärvi			
	4	MEK 265	VTT	CR	& Pertti	1994	1,40	no (3-4)
	5	LBL 320	VTT	CP	Pajari	1998	1,64	no (2-3-4)
	6	DELTA 400	VTT	CR	Pajari	1999	1,41	no (2-3-4)
	7	SUPER 320	VTT	CR	Pajari	2002	1,10	no (2-3-4)
					Suonio &			
	8	LB 320	TUT	CP	Taskinen	2002	1,48	no (1-2-3-4)
	9	WQ 500	VTT	S	Pajari	2005	1,36	no (1-3-4)
	10 DELTA 500	VTT	CR	Pajari	2005	1,59	no (2-3-4)
	11 A BEAM 320	VTT	CR	Pajari	2006	1,25	no (2-3-4)
	12 IFB 265 (1)	IMB	S	Roggendorf	2010	1,42	no (2)
	13 IFB 265 B (3)	IMB	S	Roggendorf	2010	1,29	no (2)
	14 IFB 265 M (6)	IMB	S	Roggendorf	2010	1,19	no (2)
	15 IFB 265 RD (7) IMB	S	Roggendorf	2010	1,14	no (2)
	16 IFB 250 (2)	IMB	S	Roggendorf	2010	-	no (2)
	17 IFB 250 B (4)	IMB	S	Roggendorf	2010	-	no (2)
	18 IFB 250 M (5)	IMB	S	Roggendorf	2010	-	no (2)
	19 IFB 250 RD (8) IMB	S	Roggendorf	2010	-	no (2)
	20 I Profile	INSA	S	Polania	2006	1.81	no (3-4)
					Average value	1,38	-
					Coefficient of variation	0.14	-
					Characteristic value	1.01	-

Table 2

 2 

	UCS a d SAI e l b ai ed f he died l ie .	
	UCS [MPa]		SAI [%]	
	7 da	28 da	7 da	28 da
	CS00 31.0	44.6	-	-
	CS27 27.5	30.2	88.8	67.7
	CS41 29.5	39.0	95.2	87.5

Table 1

 1 

	Concrete composition		
	Component	Unit	Value
	Ordinary Portland cement (CEM I 42.5 R) [kg/m³] 290
	Quartz powder (0/0.25 mm)	[kg/m³] 40
	Sand (0/2 mm)	[kg/m³] 790
	Gravel (2/8 mm)	[kg/m³] 966
	PCE superplasticizer	[kg/m³] 1.7
	Water	[kg/m³] 202
	Water to cement ratio w/c	[-]	0.70

Table 2

 2 Stress levels investigated and frequency for cyclic and creep tests

	Line Load	Cyclic loading			Static creep	Test	Number of specimens
		type					loading	duration	per test duration
			S max	S mean	S min	f t	S creep		
		[-]	[-]	[-]	[-]	[Hz]	[-]	[d]	[-]
	1	Cyclic 0.35	0.20	0.05	0.1	-	3/6/13	1
	2	Creep	-	-	-	-	0.35	3/6/13	2
	3	Creep	-	-	-	-	0.20	3/6/13	2
	4	Cyclic 0.45	0.25	0.05	0.1	-	3/6/13	1
	5	Creep	-	-	-	-	0.45	3/6/13	2
	6	Creep	-	-	-	-	0.25	3/6/13	2

Table 3

 3 

	Reference compressive strength and modulus of elasticity of cylindrical specimens
	(h/d = 180/60 mm) at the age of loading
	Reference compressive strength f cm,ref Modulus of elasticity E ci (t 0 )
	Batch 1 34.9 [MPa]	30,500 [MPa]
	Batch 3 42.0 [MPa]	29,400 [MPa]

Table 1

 1 Concrete mixture for 3D-printed carbon short fiber reinforced concrete.

	Component	Name	Amount
	Cement	Holcim Sulfo 52.5R	34.6 wt.%
	Microsilica	Sika Silicol P	21.5 wt.%
	Quartz powder	Sikron Quartz SF500	21.5 wt.%
	Quartz sand	Quarzwerke Quarzsand H33	7.6 wt.%
	Water	-	11.5 wt.%
	Superplasticizer	BASF Master ACE 460	2.5 wt.%
	Carbon fiber	Zoltek PX35	1.0 vol.-% (0.8 wt.%)
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