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Introduction 

 
The ongoing development of construction materials, more precise analytical methods, and 

viewpoints from other disciplines enhanced their influence on construction and material 
sciences in the last years. Consequently, the knowledge about high performance materials and 
the possibilities for architects and structural engineers have leapt ahead significantly and will 
increase in the future. UHPC is one of the products that arose from this synthesis of interests, 
as there are new opportunities for innovative architectural designs, conductive concrete 
elements, photocatalytic cleaning of surfaces, self-healing potential of building blocks, smart 
construction materials, or new binders, to name a few. UHPC in particular has recently come to 
fruition as the worldwide efforts for standardisation will soon allow the regular application of this 
innovative material. Its widespread use will permit the design of sustainable concrete structures 
such as wide-span bridges, filigree shells, and high-rise towers and opportunities for 
spectacular architectural designs. 

Every four years since 2004, we and our retired colleague Prof. Michael Schmidt provided a 
forum for the exchange of knowledge around UHPC and other advances in construction 
material science for the scientific and civil engineering community. Since then, we have decided 
to introduce these symposia as HiPerMat, referring to High Performance Materials in 
construction, their development, and their application with a more general scope.  

With HiPerMat 5 on March 11-13, 2020 the 5th International Symposium on Ultra-High 
Performance Concrete and High Performance Construction Materials documents the actual 
state of development of application in the fields of: 

 
§ Material Science and Development 
§ Composite Concrete Materials 
§ Strength and Deformation behaviour of UHPC 
§ Durability and Sustainability of UHPC 
§ Design and Construction with UHPC 
§ Structural Modelling and Optimisation 
§ Lightweight Concrete Structures 
§ High-Precision Manufacturing for Pre-Fabrication 
§ Nanotechnology for Construction Materials 
§ Innovative Applications 
§ Smart Construction Materials 

 
 
This volume contains the short versions (two pages) of all contributions that have been 
accepted for publication at HiPerMat 5. 
 
 
Kassel, in February of 2020 
 
 
 
 
 
Prof. Dr. rer. nat. Bernhard Middendorf    Prof. Dr.-Ing. Ekkehard Fehling 
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Session A1: Mix Design & Packing Density 

1 
 

Influence of fine recycled concrete aggregates on the design 
and durability properties of UHPC 

Louise Andersson1, Nelson Silva² 

1: RISE Research Institute of Sweden, Built Environment, Sweden 
2: SIKA, Sweden 

1 Background 

From a technological and social perspective, ultra high performance concrete (UHPC) is a 
material with a number of advantages: increased productivity, superior mechanical and 
durability properties, improved work environment and architectural flexibility. The use of UHPC 
is yet limited due to the high costs and environmental impact. To increase the application of 
UHPCs, cost-effective manufacturing techniques, commonly available materials and methods 
must be possible to employ. Furthermore, also the use of recycled concrete should be 
considered. 

In the EU-27, the annual production of concrete is estimated to be around 1350 Mt of which 
250 Mt are precast. It is estimated that concrete represents 60-70% of the total construction 
and demolition waste (CDW) generated. Among the total CDW recovered, recycled aggregates 
account for 6-8% of aggregates used in Europe [1]. As the usage of UHPCs increases, so does 
the necessity to utilize recycled aggregates as replacement for special grade sands. This is 
especially interesting for the precast industry where the quality of the rubble material is more 
homogeneous. 

The present study analyses the influence of fine recycled concrete aggregates (FRCA) on 
the rheological, shrinkage and mechanical properties of UHPC made with FRCA in the range of 
0-4 mm from concrete railway sleepers.  

2 Method 

The aim was to examine the effect of increased replacement of natural crushed aggregates by 
FRCA, 0-4 mm, up to 100%. The examined proportions were 0%, 25%, 50%, 75% and 100% 
FRCA replacement by volume. The natural crushed aggregates (NCA) were sieved and 
proportioned to fit the sieving curve of the FRCA. The base recipe to create an UHPC has a 
cement content (CEM I) of 600 kg/m3 as well as fly ash as a supplementary cementitious 
material. In the fresh state, the recipes were compared with regards to their workability as well 
as heat of hydration (isothermal calorimetry) and compressive and flexural strength in hardened 
state. The compressive strengths were tested at the ages of 1, 7, 14, 21, 28 & 56 days while the 
flexural strengths was tested at 7 and 28 days. Water absorption tests of all samples were also 
conducted with 28 days mature samples. Shrinkage tests were performed during a six months 
period. All tests reported are an average of at least 3 samples. The standard deviations within a 
recipe were within in a 5% difference but usually lower. The results will be shown in full at the 
conference.  

3 Results 

With an increase of FRCA, the flow spread decreased up to 16% (100% replacement). The 
compressive strength had an increase with up to 10% with increased FRCA content, while the 
flexural strength decreased between 35-40% with FRCA replacement of 50% and higher. The 
shrinkage increased with the increased FRCA content except for 25% replacement that had the 
lowest shrinkage. For water absorption there was a minor increase from the reference (0% 
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FRCA) to 25-75% FRCA. The 100% replacement however had a big relative increase in water 
absorption in comparison to the rest.  

 
Figure 1 & 2: (left) compressive strength; (right) drying shrinkage. 

 
It is well known that RCAs have a higher water absorption in comparison to NCR which is in line 
with the effect the RCA had on the flowability in the fresh state. This water absorption also 
means that the effective water cement ratio is a bit lower for UHPC with RCA, unless they are 
pre-wetted, which can be seen in the slight increase in compressive strength. The effects are 
more prominent with 50% replacement and higher. The large decrease in flexural strength with 
50% replacement and higher are most likely related to micro-cracking, which has a more 
prominent effect on flexural than compression.  

 

4 Discussion 

It is possible to create UHPC with FRCA, even up to 100% replacement. Up to 25% FRCA 
replacement there are few differences in comparison to 0% replacement in the hardened state, 
while there is an effect in the fresh state due to water absorption of the FRCA. When the 
replacement reaches 50% and higher, the effects are both good and bad. There is an increase 
in compressive strength but the shrinkage, water absorption and flexural strength shows the 
drawbacks of the FRCA. But these are well known, and some can be compensated for or used 
in structures where they are less important.   
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1 Introduction 

Dense particle packing is a key principle for achieving high compressive strength in ultra-high 
performance concrete (UHPC) [1-2]. Particle-packing models, such as the modified Andreasen 
and Andersen (A&A) model, are typically used in the design of UHPC for systematically 
achieving dense particle packing [3]. The key parameter in the A&A model is the distribution 
modulus (q), which governs the curvature of the target particle size distribution (P tar) and the 
aggregate/paste (or coarse/fine) ratio. Researchers have typically selected the value of q from a 
narrow range of 0.22 to 0.25 for designing UHPC without considering the maximum aggregate 
size (Dmax) [1,3]. However, as the Ptar also depends on Dmax in the modified A&A model [4], the 
value of q for achieving the target combination of rheological and mechanical properties of a 
UHPC should depend on Dmax. This study aims to experimentally determine the influence of 
Dmax and q and their interaction on the rheological and mechanical properties of a UHPC. 

2 Experimental Program 

The UHPC matrices utilized ASTM Type I/II cement, microsilica, fine silica powder, washed 
manufactured sand, and polycarboxylate ether-based high range water reducing admixture 
(HRWRA). The sand from the same source was sieved to achieve different maximum aggregate 
sizes to eliminate the effects of particle morphology and texture. A combination of central 
composite design (CCD) of experiments and modified A&A model was used to determine the 
mixture proportions (details in [1]). The two factors varied in the CCD were (a) Dmax of 0.72 to 
3.28 mm, and (b) q of 0.10 to 0.25. The water/binder and HRWRA/binder weight ratios were 
kept constant at 22.5% and 2.7%, respectively. 

The flow (without drops) and the air content of each mixture were determined according to 
ASTM C1437 and C231, respectively. Six 51 mm cubes were cast to characterize the 
compressive strength of each mixture. The cubes were demolded after 48 hours of casting and 
cured under water after demolding for next 24 hours at room temperature. The cubes were then 
cured under water at 90°C for 72 hours followed by air curing at 90°C for the next 48 hours. The 
cubes were tested at an age of 8 days according to ASTM C109. 

3 Results and Discussion 

The effects of the two factors, i.e. Dmax and q, on the workability, air content, and compressive 

strength are presented in Figure 1. The contour plots were obtained using second order 
regression models.  

The workability (flow) decreased with increase in Dmax, especially for q > 0.15, due to greater 
resistance to flow offered by larger aggregate particles. Greater q implied higher aggregates/ 
paste volumetric ratio, and therefore, lesser paste was available to lubricate the aggregate 
particles, which reduced the workability. A significant interaction was observed between Dmax 
and q, and the influence of Dmax on workability became more prominent with increase in q. 

The air content of the UHPC increased with Dmax indicating lower packing density. The 
reduced workability with increase in Dmax also led to more entrapped air. The value of q did not 
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influence the air content (or packing density) for Dmax £ 2 mm. For Dmax > 2 mm, the air content 

increased or the packing density decreased with increase in q. 
The compressive strength of the UHPC decreased with increases in Dmax and q. The particle 

packing density and the interfacial transition zone (ITZ) between aggregate and cement paste 
were the major factors governing the compressive strength of the UHPC. An interaction 
between Dmax and q was also observed. The effect of Dmax diminished at greater values of q, 
and the effect of q diminished at greater values of Dmax. Both of these interaction effects could 
be explained by the influence of increasing total surface area of the ITZ (due to increasing q) 
and increasing size of the ITZ of an individual aggregate (due to increasing Dmax).   

 

Figure 1: Effect of Dmax and q on (a) flow (mm), (b) air content (%), and (c) compressive strength (MPa). 

4 Conclusions 

This study experimentally investigated the influence of maximum aggregate size (Dmax) and 
distribution modulus (q) of the composite particle distribution on the UHPC properties. For the 
materials and the range of factors considered in this study, the optimum values of Dmax and q 
are 0.7 mm and 0.16, respectively. Although a lower q improves the compressive strength, it 
also reduces the flow. In the future, this study will be extended to understand the influence of 
the two factors on viscosity which is essential for fiber dispersion, void size distribution, and the 
fracture toughness of the UHPC. 
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1 Introduction 

Ultra-high performance concrete (UHPC)-filled steel tubes / hollow precast concrete columns 
are most advantageous for the columns of a high-rise building or bridge piers subjected to the 
extensive compressive loading. Self-compacting UHPC with a minimum characteristic 
compressive strength of 150 MPa and low / no autogenous shrinkage is of great interest [1]. 
Besides, a robust UHPC having a simple composition compatible with the existing production 
chain is significant for concrete producers and contractors. 

The Institute of Structural Concrete, Graz University of Technology (IBB-TUGraz) 
successfully developed a practical approach to optimizing mix design for UHPC [2].  

The proposed approach allows formulating several self-compacting coarse grain UHPCs. 
This contribution presents the mix design and properties assessment of the developed coarse 
grain UHPCs. 

2 Concrete composition optimization approach 

The proposed mix design approach, as illustrated in Figure 1, is a stepwise optimization 
procedure considering the compatibilities of superplasticizer, cement, inert/reactive powders 
and the compatibilities of different grading aggregates for improvement of the packing density, 
self-flowability and strength of concrete. Superplasticizer-Water (SP-Water) Solution Demand 
Test is a newly developed method for measuring real packing density of cement, inert/reactive 
powders and optimizing cementitious paste component. 

Cements-Superplasticiters 
compatibilities determination:

Superplasticizer-Water Solution 
Demand test, Mini-cone flow test

Selection of the best cement 
and the best superplasticizer

Stepwise combination of various grading 
aggregates to achieve highest packing 
density blended aggregate: CPM model

and experiment

Compatibilities between the best 
superplasticizer and reactive/inert 
powders: Superplasticizer-Water 

Solution Demand test

Stepwise combination of cement and 
inert/reactive powders to achieve highest 

packing density cementitious material: 
Superplasticizer-Water Solution Demand test

Best cementitious materials 1, 2, 
... etc, regarding to improvement 
of flow, packing density, strength 

Water/Cement Ratio based on 
requied strength, using Powers-

Brownyard model. 
Superplasticizer / Cement Ratio

Vcementitious_material / Voptimum_aggregate 
Ratio

SCC check

Adjustment

N
O

Strength 
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O
K

Mixture design of 
coarse grain UHPC

YES

N
O
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Figure 1: Flow chart for the optimization of coarse grain UHPC according to the proposed approach. 
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3 Experimental results and discussions 

The results of the study confirmed that SP-Water Solution Demand Test is a valuable method 
for formulating a low-cost sustainable binder. Additionally, an optimal packing density of 
blended aggregate is significant to obtain a fine self-compacting coarse grain UHPC with low 
cementitious paste. Furthermore, binder consisting of low cement and high slag (GGBFS) 
volume is functional to improve the autogenous shrinkages of UHPCs, as seen in Table 1. 

Table 1: The optimal UHPCs in comparison with the control mixtures: compositions and properties. 

Materials  
Control 1 

1mm 
Control 2 

8mm 
Opt.Mix1 

12mm 
Opt.Mix2 

16mm 
Opt.Mix3 

12mm 
Opt.Mix4 

12mm 

Cem I 52.5N kg/m3 720 640 580 580 460 460 

Silica fume kg/m3 72 64 58 58 46 46 

Quartz powder kg/m3 288 256 -- -- -- -- 

Slag (GGBFS) kg/m3 -- -- 261 261 552 552 

Superplasticizer kg/m3 21.6 19.2 18.6 18.6 16.1 14.3 

Chemical Admixture kg/m3 -- -- -- --  4.6 

Water kg/m3 172 153 150 149 154.3 151 

Quartz Sand 0.1-1mm kg/m3 1138 741 512 412 451 456 

Basalt 2-4mm kg/m3 -- 290 415 426 364 368 

Basalt 4-8mm kg/m3 -- 387 -- -- --  

Basalt 8-12mm kg/m3 -- -- 567 365 498 503 

Basalt 8-16mm kg/m3 -- -- -- 350 -- -- 

Properties        

Slump-flow [EN12350-8] mm 800 805 800 780 800 800 

Comp. Strength, 20oC-
65%RH, cube 100mm: 
28 days and (90 days) 

MPa 
193 
(--) 

191 
(--) 

178 
(188) 

175 
(185) 

178 
(185) 

178 
(189) 

Autogenous Shrinkage, 
28 days 

‰ -0.650  -0.480 -0.300 -0.300 -0.100 +0.025 

4 Conclusions 

In this study the stepwise optimization approach for HPC/UHPC mix-design developed by IBB-
TU Graz was employed, thereby establishing the most compatible materials for UHPC mix 
design and optimizing the components of cementitious materials, of blended aggregates as well 
as the whole concrete mixture. The manageable component and excellent properties of the 
developed UHPCs demonstrate the effectiveness of the proposed mix design approach. The 
UHPCs with a slump-flow of 75-80 cm, high segregation resistance, compressive strength of 
180-190 MPa and a low / no autogenous shrinkage of -0.300‰ to +0.025‰  well satisfy the 
target concrete properties of the study. 

The influence of polypropylene fibres with a dosage of 1.5-2 kg/m3_concrete on the fire 
resistance of the developed UHPCs is of interest. The investigation is ongoing.  
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Development and testing of High / Ultra-High Early Strength 
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Bijaya Rai, Kay Wille 

Department of Civil and Environmental Engineering, University of Connecticut, Storrs, Connecticut, United States  

Abstract 

Accelerated Bridge Construction (ABC) is a widely used and popular technology especially in 
areas of heavy traffic with the need of minimal traffic disruption, which gives rise to the necessity 
for the use of high early strength (HES) concrete to connect prefabricated elements and thus 
facilitate ABC. In this research emphasis is being placed on enhancing the early age strength 
development of concrete with improved durability properties, volume stability and robustness 
using non-proprietary materials and local available constituents.  

1 Introduction  

Several mixture methodologies exist to produce HES concrete such as i) reduction of the water to 
cementitious ratio (w/c) in combination with the use of high range water reducer, ii) use of higher 
finely gound cement, iii) use of tailored supplemental materials, iv) use of nano-sized pozzolanic 
material, v) tailored tailored curing, and vi) use of accelerating admixtures [1,2]. The use of higher 
finely ground cement such as Portland Cement Type III as per ASTM C 150 [1-3] accelerates the 
hydration due to increase in surface area. Supplementary cementitious materials such as class C 
fly ash has shown higher rate of reaction at early ages than concrete containing class F fly ash 
[3]. Due to the high surface area of nano-sized pozzolanic material like nano silica (NS) [4-6]  
accelerated pozzolanic reaction can be achieved and the filler effect of NS can potentially 
increase the strength of concrete and enhance other durability properties [7]. Accelerating 
admixture, such as calcium chloride is used to accelerate the rate of hydration and strength its 
dosage is limited to 2% by mass of cement [8]. Besides these, Federal Highway Report suggests 
that ultra high performance concrete (UHPC) to  be used for closure pour connections as it has 
high bond strength and durability properties due to very high packing density, relatively high 
binder ratio and low water to cementitious (w/c) ratio [9-10].  

2 Methods 

Table 1: Mix 6 (reference mix) description [11]* 

Cement, lb/yd3 Flyash, lb/yd3 Sand, lb/yd3 Water, lb/yd3 Superplasticizer, fl.oz. 

1190 210 1043 398 171 
*The above table provides the mixture proportion for mortar mix as this is the first step of research. 

Compressive strength at 24h 

In the first step of this research mortar cubes have been cast, using 0.5%, 2%, and 3% of NS in 
replacement for cementitious material. The average compressive strengths at 24h using 
different amounts of NS are summarized in figure 1.  

 

 

 

Figure 1: compressive strength at 24h, 

a) using different amount of NS, b) using 

different amounts of CSA, c) using 

different amounts of accelerator 
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Air Void Characterization 

Since the the amount of air void can significantly influence the compressive strength, it is 
important to link the amount of air with the tested compressive strength at different ages of 
concrete. First, the mortar cubes were cut using a blade saw and then polished with grinding 
pad sizes of 63 μm, 15.3 μm and 4.5μm. Second, the sample is dried for 15 minutes, painted 
with black ink and again, dried for 15 minutes before applying white barium sulphate to highlight 
the accessible air voids (fig. 2a), following by binary imaging (fig. 2b) and linking the air void 
content to the compressive strength (fig. 2c). This will allow to compare compressive strengths 
at similar air void contents.  
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Figure 2: a) sample preparation, b) air void area and c) compressive strength vs air void %  

The air void analysis in UHPC samples seems easier than in regular concrete because of it’s 
uniformity in the texture and because of absence of grey sand and aggregate particles, light 
reflection is better with only two colors; black and white. This could be the reason that standard 
deviation for the determination of air void percentage is smaller in case of UHPC samples. Later 
in the research, this technique for finding the air voids can be verified by using air meter in the 
fresh concrete samples. 

3 Conclusions  

The first phase of research has been completed. The concrete with accelerating admixture is 
showing promising results to further enhance the early age strength of existing HES concretes.  
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1 Introduction 

Up to now, extensive test series on the shear bearing behaviour of UHPFRC beams have been 
carried out [1-6]. Various cross-sectional dimensions, fibre volume fractions, and prestressing 
were investigated focusing on I-shaped cross-section. As the shear bearing mechanisms 
significantly differ for beams with compact cross-section, the findings on beams with I-shaped 

cross-section may, however, not be generally applicable. 
In the present study, a series of shear tests on UHPFRC beams with compact cross-section, 

different fibre volume fractions, and prestressing was performed, in order to examine the 
influences on the formation of the critical shear crack as well as on the shear bearing capacity. 

2 Experimental programme 

Varying the fibre volume fraction (0 %, 1 % or 2 %) and the prestressing of the tendons (0 MPa, 
720 MPa or 1440 MPa) resulted in a total of nine specimen configurations with one specimen 
each. The specimen’s geometry as well as the arrangement of reinforcement and prestressing 
tendons are shown in Fig. 1. The total length of the beams was 3,000 mm to enable at least two 
shear tests per specimen. The three-point tests were performed displacement controlled with 
shear span-to-depth ratios a/d between 3.5 and 5.5. Displacements including crack widths were 
measured by digital image correlation (DIC).  

 
Figure 1: Specimen’s geometry and arrangement of reinforcement and prestressing tendons. 

Before manufacturing the beams, a measuring system was installed for recording the 
specimen’s deformation due to shrinkage and creep in order to derive the loss of prestress.  

A concrete mixture with a maximum aggregate size of 8 mm was used. The smooth and 
straight steel fibres had a length-to-diameter ratio of 20 mm/0.40 mm. The average 28-day cube 
compressive strength of the concrete was 154 MPa, 164 MPa, and 168 MPa for fibre volume 
fractions of 0 %, 1 %, and 2 %, respectively. The residual flexural tensile strength, which was 
obtained in three-point tests on accompanyingly fabricated notched beams, showed mean 
values of 11.1 MPa and 17.6 MPa for fibre volume fractions of 1 % and 2 %, respectively.  

3 Test results 

Figure 2 shows the load-displacement curves of selected tests, which failed in shear after 
formation of the critical shear crack. A DIC image of a typical crack pattern is depicted in Fig.  3. 

Due to the specimens’ compact cross-section, the critical shear crack developed from a 
flexural crack in all tests, irrespective of the fibre volume fraction or prestressing. This behaviour 
differs from beams with I-shaped cross-section where the shear crack starts at the thin web. 
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The critical shear crack was inclined by 21 to 35 degrees with respect to the longitudinal axis of 
the beam. 

The specimens without fibres showed a brittle failure, while the fibre reinforced specimens 
showed some higher deformation capacity. The shear bearing capacity of the specimen without 
fibres and without prestressing (0 %; 0 MPa) was the smallest (63 kN). As expected, the 
ultimate shear load increased with increasing fibre volume fraction and/or prestressing resulting 
in a shear bearing capacity of 218 kN for the specimen with 1 % of fibres and tendons 
prestressed to 1440 MPa. 

For the fibre reinforced specimens with the highest level of prestressing it was difficult to 
provoke a shear failure before flexural failure, however, an initiating shear crack could be 
observed via DIC in all cases. The specimens showing this behaviour will be further evaluated. 

    
Figure 2: Load-displacement curves of selected tests.       Figure 3: Crack pattern measured by DIC. 

4 Conclusions and outlook 

Based on the current evaluation the following conclusions may be drawn: 

· For the specimens without fibres the inclination of the critical shear crack decreases with 
increase of prestressing. The fibre reinforced specimens show no clear trend in this respect. 

· The increase in shear bearing capacity between the specimens with 1 % and 2 % of fibres is 
less than proportional to the increase of the associated residual flexural tensile strengths. 

· The shear bearing capacities of the specimens without fibres is well predicted by Eq. (6.2.a) 
in Eurocode 2. 

In the next step, fibre distribution and orientation will be examined by optoanalytic method in 
order to identify the actual residual tensile strength contributing in the critical shear crack. This 
may help to perform parameter studies by FEA investigating the influence of various 
parameters on the shear crack propagation as well as on the shear bearing capacity. 
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1 Abstract 

This paper presents the experimental studies on the ultimate shear capacity (V j,u) of typical 
joints used in ultra-high performance fibre reinforced concrete (UHPFRC) precast segmental 
bridge girder (PSBG). Twelve (12) pilot-scale shear key joints UHPFRC specimens (i.e. six (6) 
with dry keyed joints and six (6) with epoxied keyed joints) were tested experimentally to failure 
with three parameters namely, (i) number of shear keys, (ii) confining stresses, and (iii) the type 
of joint (dry or epoxy). Enabling shear was used in the test setup and applied across the shear 
plane with negligible moment. The experimental results show the shear capacity of the 
UHPFRC key joints increased with increasing confining pressure, number of shear keys and the 
epoxy layers applied on joints. A new design plastic shear joint model (PSJM) derived from the 
failure criterion of Mohr’s circle theory is presented herein and the model was used to calibrate 
against the tested specimens. The new PSJM compared well with the experimental results for 
both the dry and epoxy keyed joints at both stages (first crack and the ultimate shear capacity 
loads). The excellent agreement between the PSJM results and experimental data 
demonstrated the reliability of the present design plastic shear joint model. 

2 Introduction 

The precast concrete segmental joints can be constructed and erected either using an epoxy 
layer between the segments or in a dry condition; and the capacity of the joints increases by 
applying epoxy layers [1-4]. While considerable researches [5-8] have been undertaken to 
investigate the behavior of conventional precast concrete segmental bridges with dry and epoxy 
joints, few researchers [4,9] have attempted to evaluate shear behaviour of UHPFRC keyed dry 
joints. However, more importantly, no research has been carried out to assess the shear 
capacity of UHPFRC keyed epoxy joints. To address these issues, this paper presents new 
design models for UHPFRC girders with dry and epoxy joints. Validation of the proposed design 
provision models is accomplished by conducting a comparison study between the estimated 
shear load values from the new design provision models and the experimental data.  

3 Experimental Results and Observations 

From the experimental tests, shear behaviour and shear capacity of the joints were reported. 
Three important shear load capacities were monitored and recorded through shear load-
displacement. Vj,cr,exp is the experimental shear load capacity at which the first shear crack 
occurred at the lower shear key face of the male key component. The term Vj,u,exp is the ultimate 
shear load capacity of the shear keyed joints. The term Vj,fric,exp is the residual frictional shear 
load capacity on the contact surface after the shear keys sheared off completely. μ is the ratio 
of residual frictional shear load (Vj,fric,exp) to the initially applied normal force across the joint (Pi). 
From experimental results, it can be concluded that the failure shear loads at first crack (Vj,cr,exp) 
and ultimate (Vj,u,exp) are higher with an increasing number of keys, at higher confining pressure 
and with an epoxy layer on UHPFRC keyed joints. Moreover, the cohesive effect of the epoxy 
layer also allowed the epoxy keyed joint specimen to displace before these specimens fully 
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detached. However, Vj,fric,exp and the μ of the dry joint specimens indicated a higher amount in 
comparison with the epoxy keyed joint specimens. This would occur due to the presence of the 
epoxy powder layer between the UHPFRC surfaces after failure, having a lubricating effect. 

4 Development of a New Design Plastic Shear Joint Model (PSJM) 

To develop new design shear models for UHPFRC keyed joints, the principle of Mohr’s circle 
was utilized in this paper. Moreover, as reported by pervious researchers [4] UHPFRC can be 
treated as a perfectly plastic material and plasticity method can applied for this concrete. 
Hence, new PSJMs were developed for UHPFRC dry and epoxy keyed joints at first crack and 
ultimate. To assess the reliability of the proposed PSJMs, a comparison study between the 
experimental results and the calculated values from proposed models was conducted in this 
study. Comparisons were made on the Vj,cr,exp and Vj,u,exp stages on the both keyed joints (dry 
and epoxy). As observed, the shear capacity loads calculated from the new PSJMs shown a 
good agreement with the experimental results. The theo/exp ratio of all the comparisons are 
recorded below 1.0 which, leading to a safe design. The corresponding coefficient of variations 
(COV) of the four groups of specimens (dry and epoxy joints at first crack and ultimate states)  
are less than 10%. It indicates, an excellent level of consistency of failure shear loads (Vj,cr,exp 
and Vj,u,exp) which are estimated from the new UHPFRC design PSJMs. 

5 Conclusions 

The new PSJM compared well with the experimental results for both the dry and epoxy keyed 
joints at both stages (first crack and the ultimate shear capacity loads). The mean and the 
coefficient of variation (COV) values of the theory/experimental ratio for dry keyed joints were 
0.87 and 7.7% at the first crack and 0.72 and 6.7% at the ultimate shear load stage. Meanwhile, 
the mean and the coefficient of variation (COV) values for epoxy keyed joints were 0.95 and 
5.3% at the first crack and 0.87 and 6.1% at the ultimate state. From the findings and 
observations from this study, it is envisaged that this study and the design PSJMs will provide 
an essential contribution and resource to the development of UHPFRC bridge girder guidelines 
and the standard codes in future particularly in the area of UHPFRC keyed joints design. 
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1 Introduction 

Many of currently existing buildings are built by using reinforced concrete (RC) structures, 
wherein normal strength concrete (NSC) is utilized. NSC has been used widely as a 
construction material, regards on its characteristics (i.e. strength, durability, resistance, shape 
versatility, low maintenance, and cheap price). Besides having a significant self weight, the 
NSC has limitations such as limited capacity to resist high compression loadings. Addressing to 
this limitation, a variety of research and studies have been conducted. In this study, a method of 
upgrading the strength capacity of RC structures by confining/ jacketing of columns is selected. 
The method is chosen as it is able to increase columns’ stiffness, axial force and bending 
capacity, besides of its easy handling application [1]. The option to use Ultra High Performance 
Concrete (UHPC) as a confining material is taken, as this material gives benefit in limiting the 
thickness of the confinement, in addition of its superior properties [2,3]. In this paper, the 
behavior of RC columns confined with UHPC subjected to concentric and eccentric loadings are 
investigated. The results demonstrate that fibre reinforced UHPC confinement leads to the 
enhancement/ increase of stress, load carrying capacities and post-peak response.  

2 Experimental investigation  

Twelve short columns with a height of 750 mm were constructed. The RC columns were made 

from concrete C30/37 (200 x 200 mm2), with a concrete cover thickness of 25 mm. 4Æ12 mm 

deformed steel bars BSt500S(A) were used as longitudinal reinforcements (with an extra length 

of 20 mm for attachment to the test setup), while Æ8 mm stirrups have been used. Columns 
were subjected to 3 loading configurations: concentric loading (e = 0 mm) and eccentric 
loadings (e = 35 and 70 mm). The UHPC mixture formula, M3Q_210, was developed by the 
Material Testing Institution (Amtliche Materialprüfanstalt für das Bauwesen/ AMPA) at University 
of Kassel. One NSC column was left as control specimen (reference) for each loading 
configuration. The remaining 9 NSC columns were confined by UHPC having different 
percentages of fiber in volume (0, 1 and 2 vol.-% fiber), with a confinement thickness of 21 mm. 
Steel fibers having a length of 10 mm and a diameter of 0.2 mm were used for the UHPC 
mixture. Columns were tested at the age of about 28 days. 

Figure 1: Columns’ cross section. 
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3 Results and discussion   

Load-deformation and stress-strain behaviours 
The concentric loading of the columns resulted in the highest columns’ load bearing and 
deformation deformation capacities. The bigger the eccentricity applied to the loading, the less 
strong the columns will be. This conclusion holds true for all columns, namely columns NSC 
(C), columns NSC + UHPC 0% (CF0), columns NSC + UHPFRC 1% (CF1) and columns NSC + 
UHPFRC 2% (CF2).  

Fiber influence  
Increasing the steel fiber volumetric percentage to the UHPFRC mixture will increase the load 
bearing capacities of the columns confined with UHPC/ UHPFRC. Compared to the load 
bearing capacities of columns C, the measured increase is as following: for concentric loading  
for column CF1 322% and column CF2 353%. For the case of excentric loading (e = 35 mm) for 
column CF1 320% and column CF2 383%. For excentric loading (e = 70 mm), for column CF1 
321% and column CF2 351%. The deformation capacities of the columns also increase. The 
columns´ behavior due to fibers added to the UHPC is characterized by strain softening 
(descending branch) after reaching the maximum load, which appears to depend on the fibers’ 
amount and orientation that is influencing the behavior of crack opening in UHPFRC. These 
observations are in line with the behavior of UHPC/ UHPFRC from other investigations.   

Failure modes  

Column CF2 shows the most ductile failure behavior, followed by column CF1. As expected, 
column CF0 shows the most brittle failure behavior. Failure of columns is marked by spalling of 
concrete cover/ confinement, which can be noticed by hearing a snapping sound due to the 
failure of the UHPC confinement. The general failure is brittle, except to UHPFRC with the 
highest fiber dosage, where failure tends to be more ductile due to the existence of a large 
amount of fibers.  

4 Conclusion   

RC columns confined with UHPC may sustain higher maximum loads, thus being able to sustain 
larger vertical deformation and strain; compared to the unconfined RC columns. The addition of 
fibers into UHPC delays the spalling of the UHPC confinement. 
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Robustness of centrically loaded UHPC-columns 
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1 Introduction 

A robust design of columns is essential to reduce economic, environmental and human damage 
after failure of structures. Robust columns should exhibit a non-brittle compression failure with 
sufficient prior notice announced by large deformations or primary concrete spalling. The trend 
toward exploiting the maximum load bearing capacity of columns coupled with application of 
more brittle material such as UHPC makes the quantification of the robustness of UHPC-
columns essential. A quantification method can be based on the ratio of the ultimate load and 
the post-cracking load at a defined strain or deformation [1].  

To quantify the decisive influences on the robustness, a numerical model is presented in this 
paper, which can simulate both the ultimate load and the post-cracking behaviour of UHPC-
columns. On this basis, an efficient rheological model is introduced for a practical determination 
of the robustness of UHPC-columns and a theoretical parametric study has been conducted. 

2 Numerical Investigations 

FE Model 

The FE model shown in Fig. 1 (a) was developed with the FE program DIANA FEA [2]. Due to 
the multiaxial stress conditions inside the column, a three-dimensional model with twenty-node 
isoparametric CHX60 elements was chosen. The longitudinal bars and stirrups were modelled 
as embedded reinforcements. While a simple ideal elastic-plastic material behaviour was 
assigned to the reinforcement, the Drucker-Prager model with tension cutoff was used to model 
the UHPC. 

The numerical simulations were deformation controlled with an axial, vertical displacement of 
0.005 mm/step at the top of the column. 

Validation 

The FE model was validated with a number of tested columns of a database. Fig. 1 (b) shows 
the validation by the example of the HPC-column VK3 with a compressive strength of 
fcm = 90.9 N/mm² (4ϕ28; ϕ8/4.1) and the UHPC-column S6 with fcm = 149.0 N/mm² (4ϕ28; ϕ8/12) 
[3]. It becomes apparent that both the ultimate load and the post-cracking behaviour can be 
recalculated in a sufficient manner. 

 
Figure 1: FE model (a), Validation by means of HPC- and UHPC-columns (b), Contour plot of σZZ stresses (c). 

The numerical investigations have shown that the load-strain curve of UHPC-columns is 
determined by three load bearing parts – longitudinal reinforcement, unconfined concrete cover 
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and confined concrete core. Fig. 1 (c) shows the compressive stresses σZZ in the cross section 
of the UHPC-column S6 and reveals that the confined concrete core stands higher compressive 
stresses than the unconfined concrete cover. 

3 Theoretical Investigations 

Rheological Model 

A rheological model has been developed in order to enable a practical assessment of the 
robustness of UHPC-columns [4]. The rheological model is shown in Fig. 2 (a) and consists of 
three springs, each describing one of the above mentioned load bearing parts. The three load-
strain relationships are summed up (Eq. (1)) and result in the load-strain curve of the column. 

N(e) = Ns,l(e) + Nc,c(e) + Nc,cc(e) (1) 

The rheological model was validated with experimental and numerical load-strain curves of 
HPC- and UHPC-columns. 

Parametric Study 

In order to quantify decisive influences on the robustness of UHPC-columns, a paramatric study 
was carried out using the rheological model. Fig. 2 (b) shows the influence of spacing of 
transverse reinforcement stransl using the example of the UHPC-column S6. By adjusting the 
spacing stransl from 8.0 cm to 2.0 cm, it is possible to increase the post-cracking load by over 
50 %. 

 
Figure 2: Rheological model (a), Variation of spacing of transverse reinforcement for UHPC-column S6 (b). 

4 Conclusions 

The rheological model derived from the validated FE model is able to simulate the load bearing 
and post-cracking behaviour of HPC- and UHPC-columns in a practical manner and enables a 
simple assessment of the robustness of centrically loaded columns. A parametric study on the 
influence of decisive column parameters suggests extended recommendations for the structural 
design of HPC- and UHPC-columns (minimum amount of longitudinal reinforcement, minimum 
number of bars, maximum spacing of transverse reinforcement, maximum spacing of 
longitudinal bars) to assure a robust behaviour. 
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Prestressing of carbon fiber reinforced concrete 
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1 Introduction 

Motivation 

The concrete industry is responsible for about 8 % of the worldwide CO²-emissions. Therefore, 
the aim of the researchers is to reduce the demand of natural resources in the building industry 
by building lightweight structures with high performance materials such as carbon fiber 
reinforced polymers (CFRP’s) and ultra-high-performance-concrete (UHPC). 

Research approach 

By using high performance materials with their advantages of high durability, high tensile 
strength of the reinforcement, and high compressive strength of the concrete light and thin-
walled structures can be built.  

These filigree structures lead to lower stiffness and therefore higher deflections. To improve 
the serviceability of these structures the authors approach is to prestress the CFRP reinforced 
concrete structures. The positive effect of prestressing has already been shown in previous 
investigations [1]. 

2 Experimental investigation 

The main objective of the experiments was to determine the influence of different prestressing 
forces to structures with ultra-high-performance-fiber-reinforced concrete (UHPFRC) reinforced 
with a carbon lamella having a thickness of 1.4 mm and a width of 30 mm. Epoxy adhesive with 
filler was used to glue the lamella into the load introduction implants (end anchorages). All 
specimens had a rectangular cross section with a height of 200 mm and a width of 30 mm. This 
geometry was chosen to reduce interferences in the load-bearing behaviour of the beams due 
to geometrical discontinuities of the cross section. In all the tests, the load was applied in a 
displacement-controlled manner, with a load rate of 0.8 mm/min. The test setup as described 
can be seen in Figure 1. 

 
Figure 1: Test setup. 

The compressive strength of the used UHPFRC was evaluated with 197 MPa, the flexural 
bending strength is 34.5 MPa, and the Young’s modulus is 49,000 MPa. The material properties 
of the used reinforcement, S&P C-Laminate HM (200/2000) according to the data sheet are a 
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tensile strength of 2,800 MPa, a Young’s modulus of 205,000 MPa, and an elongation at break 
of 13.5 % [2]. 

3 Results 

In Figure 2 the load-displacement curves of the tests are shown. The difference between 
prestressed and non-prestressed specimen can clearly be seen by considering the cracked and 
non-cracked areas of the curves. While the first crack in specimen 1 occurred at a load of about 
8 kN the first cracks in specimen 2 and 3 occurred at about 15 and 20 kN. This clearly shows 
the positive influence of prestressing. The maximum loads of specimen 1 to 3 were 19.9 kN, 
23.8kN, and 29.8 kN. The failure of specimen 1 occurred due to debonding between carbon 
lamella and concrete. Specimen 2 and 3 failed at the anchorage, when the carbon lamella was 
pulled out of the implant. 

 
Figure 2: Load-displacement behaviour of the specimens with different prestressing forces of 0, 20, and 25 kN 

4 Conclusions and outlook 

By comparison of the load-displacement curves of the three specimens the positive effect of 
prestressing can be seen. Besides improving the serviceability of the structure by increasing the 
load when the first crack occurred, also the ultimate load was enhanced.  

Due to the promising results of this preelimination further tests will be conducted to 
investigate the load-bearing behaviour of prestressed UHPC beams reinforced with carbon rods 
and textile reinforcement. 
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structured cross sections 
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1 Motivation 

When Textile-Reinforced Concretes are used, the conventional steel reinforcement is replaced 
by technical textiles consisting of glass or carbon fibres. The thin-walled design of textile-
reinforced concrete (TRC) elements with high load-bearing capacity provide great advantages 
concerning weight reduction, material saving and creating additional space. The disadvantage 
of this thin-walled design is the missing concrete cross section for the compression zone i.e. 
under bending tensile loads. One practical solution for this conflict of interests are structured 
cross sections build out of TRC. The dimensioning of these cross sections can be adjusted to 
the respected loads. This approach is primarily limited by manufacturing costs of TRC 
elements. 
This contribution describes the development, testing and evaluation of three differently 
structured cross sections made of TRC Motivation for this work is the development of noise 
protection walls which have a load bearing structure out of TRC elements instead of steel 
reinforced concrete [1]. Using optimized TRC elements instead of steel reinforced concrete can 
reduce the weight about a factor of three. 

2 Investigations and results 

Development and testing of structured cross sections out of TRC 
Hollow cross sections are a sensible solution for carrying symmetric loads i. e. wind loads. To 
create the internal voids, three different types of internal formwork are used. The first system (a) 
uses mineral foam plates, functioning as a lost formwork. This results in a carrying structure of 
a sandwich element and a hollow cross section. In case of methods b and c, compressed air 
filled tubes and a mechanically expendable wooden formwork are utilised The following picture 
1 shows the three different manufacturing methods. 
 

 
Figure 1: manufacturing methods of the hollow cross sections, a) mineral foam core, b) compressed air filled 

tubes, c) mechanically expendable wooden formwork 

 
All samples are made with the same concrete mixture. It is characterized by the strength class 
C50/60 and a maximum grain size D= 2mm. As reinforcement carbon textiles were chosen. 
The mineral foam core allows to laminate the lower TRC plate, while the shear bar has to be 
poured. By this it is necessary to prevent the floating of the lightweight core. Cracking of the 
mineral foam core due to the shrinkage of the fine grained concrete layer was observed. 
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Both systems for inner formwork save time in concreting because of pouring concrete in one 
step. The pouring process also results in a floating of the inner formwork. Due to this, distance 
holders in the upper TRC plate are necessary in both systems. While the wooden box is a 
relatively rigid system, the air filled tubes has to be improved. Using an emulsion of sand and 
water the density of the tubes can be approximated to the one of concrete. This results in a 
lower deflection of the tubes.   

Test results 

Each manufacturing method was used to produce three specimens. The cross sections got 
different shear bar geometries. To evaluate the load bearing capacity of the specimens 4 – 
point bending tests with support distances of 160 cm and 180 cm were performed. By this the 
element weights were determined. The results of the most suitable cross sections are summed 
up in table 1. The reduction of weight is calculated compared to a full cross section with the 
same height. All specimens showed shear cracks as failure mode. 

 
Table 1: comparison of the load capacity and weight reduction of the three cross sections 

 

   

Mmax 

[kNm/m] 
11.0 18.2 21.2 

weight 

reduction 

[%] 

65 35 50 

 

3 Conclusions 

In general, it is possible to produce hollow cross sections using the described methods. All of 
them reduce the element weight greatly while generating a sustainable load bearing capacity. 
The sandwich element needs to be strengthened with concrete shear bars to gain a tolerable 
load capacity since the mineral foam core itself is not sustainable enough. Furthermore, an 
effortful follow-up-treatment is necessary in order to limit the shrinking of the concrete. Using 
distance holders clearly reduces the floating of both inner formworks. The mechanically 
expandable inner formwork enables a higher position stability of the inner formwork. Therefore, 
the production of longer elements, compared to the system with compressed air-filled tubes, is 
possible.  Whereas the advantage of the air tubes is to produce various cavity shapes arranging 
the tubes in different ways. In a next step the manufacturing methods will be tested in 
cooperation with the project partner Eudur to optimize the manufacturability of the components 
in a large scale. 
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HPC and FRP textile reinforced HPC enhanced with self-
sensing properties 

Jan Suchorzewski, Miguel Prieto, Urs Mueller 
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1 Introduction 

Within EU project LightCoce (Building an Ecosystem for the upscaling of lightweight multi-
functional concrete and ceramic materials and structures), RISE will be running a Pilot Line to 
allow the design and development of materials and elements of Cellular Lightweight Concrete 
(CLC) and/or lightweight composite elements with improved functionalities. For this purpose, a 
test case of a composite CLC/HPC sound-wall element with sound-absorbing, improved 
durability, self-sensing, and self-cleaning properties will be developed and upscaled. The 
structural performance and integrity of the sound-wall element will rely on an HPC shell 
strengthened with FRP textile reinforcement. For this aim, HPC was enhanced starting from a 
mix design developed in an EU project SESBE. The HPC mix has been upgraded for lowering 
the overall costs and improving its workability. 

2 Self-sensing in concrete 

One of the novel concrete functionalities explored in our project is the self-sensing ability gained 
with the addition of nanoparticles with high conductivity [1]. The recent development of the 
graphene production process brought novel, economically competitive material called multi-
walled carbon nanotubes (MWCNTs), which have super-high-strength (1’000 MPa) and is a 
perfect electrical conductor. The addition of a small amount of MWCNTs decreases concretes 
overall electrical resistance enabling material internal structure condition monitoring [2]. A small 
current must be delivered to analyze the element and the voltage is measured in chosen points 
of structure (Fig.1). In this way, changes in material resistance are registered over time 
indicating stress level (Fig.2), cracking or other kinds of damage. 

 

 
Figure 1: The test setup for resistivity measurements (A) DC current from a power supply (measuring voltage), 

(B) measuring current. 

3 Experimental campaign 

A test campaign with different amounts of MWCNT was performed to investigate their effect on 
mechanical and self-sensing properties. For the investigation of self-sensing several specimens 
(cubes 100x100x100 mm) and low thickness panels (40x100x700 mm) reinforced with two 
types of textile FRP (carbon and glass fibers) with different amounts of MWCNT were cast and 
tested. The textile-reinforced panels were tested (1) in elastic phase under cyclic load, (2) under 
static continuous deformation or (3) under cyclic load after cracking. Resistivity changes during 



22 
 

tests were recorded and compared with the registered load-displacement curves. The FRP 
reinforcement forced intensive cracking with multiple discrete cracks, which were monitored 
throughout all the test duration. The test campaign outcomes will help to understand the effect 
of the amount of MWCNT on strength and self-sensing properties in HPC. 

A) 

 
a)       b)   B) 

 
a)       b) 

Figure 2: The self-sensing of concrete with the addition of 0.10% MWCNT for panels reinforced with A) GFRP 

under static loading and B) CFRP under cyclic loading with a) force-displacement curves and b) resistivity to 

displacement or number of cycles. 

4 Conclusions 

In our research, we present a novel method for structural health monitoring with no additional 
sensors. With this method, we were able to measure stresses in uniaxial compression and 
detect multiple cracks in bending. Moreover, concrete material degradation in cyclic loading 
(fatigue) could also be observed due to the increase of resistivity. Self-sensing could be used 
as an inexpensive and easy alternative for monitoring in combination with other methods used 
nowadays. 
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1 Introduction   

Lightweight concrete (LWC) is a material with low density, excellent thermal insulation 
properties, and reasonable mechanical properties. However, due to replacing normal-weight 
aggregates with less rigid porous aggregates, LWC suffers high drying shrinkage and micro-
cracking. The influence of mineral admixtures on the shrinkage of LWC was studied by Cheng 
et al. [1]. Grabois et al. [3] found that with increasing lightweight aggregate content compared 
tom normal-weight aggregate, the shrinkage significantly increases. Chen et al. [2] studied the 
influence of different types of fibers on mechanical properties and shrinkage of LWC. Results 
showed that steel, carbon and polypropylene fibers reduced the shrinkage of LWC effectively, 
while a study by Kayali et al. proves the important role of fibers in improving the tensile strength 
and reducing the shrinkage of LWC [4].  

2 Materials and tests  

This investigation studies the shrinkage behavior of lightweight concrete with a dry density of 
800 ± 50 kg/m³. The influence of silica fume and fly ash on mechanical properties and 
shrinkage was investigated. The effect of two types of polypropylene (PP, density 0.91 g/cm³) 
fibers; 12 and 6 mm (0.031 mm diameter) on LWC characteristics were examined. Six different 
mixes have been prepared and tested (Table 1). Dry density, compressive and flexural strength, 
and drying shrinkage were measured. Chemical admixtures were adopted to produce stable 
LWC mixes with consistency class of F3/F4 (acc. to EN 206-1). As a lightweight aggregate, 
expanded glass (Liaver®) was used. Drying shrinkage has been measured as specified in DIN 
52450 using the Graf-Kaufmann method. 

Table 1: Composition of LWC mixes 

Mix Liaver Cement Silica fume Fly ash Water Short fibers  Long fibers  
 [kg/mix] [vol.-%]  

Ref 275 410 50 - 240 - - 
C S 275 410 50 - 240 0.2 - 
C L 275 410 50 - 240 - 0.4 
C F 275 410 - 50 240 - - 

C FS 275 410 - 50 240 0.2 - 
C FL 275 410 - 50 240 - 0.4 

3 Results and Discussion 

The experimental results showed that all LWC mixes have dry densities in the range of 750 - 
850 kg/m³ as planned. Compressive strength is correlated directly to the dry density of LWC 
(Fig. 1a). Similarly, the thermal conductivity of lightweight concrete is proportioned directly to 
the dry density of concrete. However, flexural strength depends mainly on the PP fiber type and 
dry density. It is clear that addition of short fibers is more effective in improving the flexural 
strength of concrete (Fig. 1b). On the other hand, the addition of PP fibers has a negative 
influence on compressive strength but does not have any direct effect on thermal conductivity. 
The experimental results of drying shrinkage at different ages are presented in Fig. 1c. It is 
clear that in all mixes shrinkage is increasing with age. The addition of PP fibers reduces the 
shrinkage significantly. Both short and long fibers have similar effects on drying shrinkage. On 
the other hand, fly ash is more effective in hindering the micro-cracking and reducing the 
shrinkage compared with silica fume which increases the shrinkage at all replacement levels as 
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concluded by Nadesan et al. [5]. The addition of fly ash reduces the shrinkage by about 35% 
compared to control mix with silica fume. However, combination of fly ash and PP fibers 
resulted in significant reduction in shrinkage by about 70% after 28 days of curing. 

 
Figure 1:  Dry density and compressive strength (a), flexural strength, and thermal conductivity (b), shrinkage (c) and 

micro-CT imaging process for lightweight aggregate concrete (d). 

Concrete microstructure 

X-ray micro-CT was applied to examine the microstructure characteristics of LWC specimens 
non-destructively. Fig. 1d presents the imaging process for classifying pores, aggregates, and 
solid matrix examination in order to obtain the material characteristics of higher accuracy. In this 
procedure, the original 8-bit image described in grayscale (Fig. 1d) was converted to the binary 
image, as shown in the 2nd image. The 3D image was then obtained by stacking a series of 
binary images, and the detailed pore size distribution of the specimen was evaluated.  

The obtained results from the micro-CT data showed that the general trends of the wall-
thickness and the pore structures are affected by its constituents. In particular, in each set of 
the specimens with silica fume and fly ash, the porosity and the wall thickness level within the 
specimen is almost the same regardless of the use of the fibers. However, as shown in Figs. 
1a-1c, the material properties are enhanced by following the use of the fibers, and this result 
confirmed the effectiveness of the fibers to improve the material properties. 

4 Conclusions  

This investigation studied the influences of supplementary materials and polypropylene type 
fibers on mechanical properties as well as shrinkage of lightweight concrete. The experimental 
results indicated that polypropylene fibers significantly reduces the drying shrinkage. In 
addition, mixes prepared with silica fume suffer higher shrinkage compared to fly ash mixes. 
Moreover, X-ray micro-CT can be used to characterize the microstructure of lightweight 
concrete. 
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1 Introduction 

Lightweight concretes offer many advantages in the design and construction of structures. For 
lightweight concretes according to the German Standard DIN EN 206-1 [1], this is done by 
using lightweight aggregates with a raw density ≤ 2.0 g/cm³. The coarse aggregates are 
volumetrically replaced by lightweight aggregates such as perlite, expanded glass or expanded 
clay. The cement stone around the coarse aggregate remains closed, therefore the concretes 
are classified as structural lightweight concretes. The bulk density of these concretes can range 
between 800 – 2000 kg/m³. Structural lightweight concretes are regulated according to German 
Standard DIN EN 206-1 [1] up to a compressive strength of 80 N/mm². The standard defines 
concretes with a compressive strength of 60 MPa and above as high-strength structural 
lightweight concrete. Therefore, the concrete developed in these here presented investigations 
can be described as ultra-high performance lightweight concrete (UHPLC) due to a 
compressive strength of 100 MPa and above. 

2 Material development 

In this approach the concept of structural lightweight concrete was transferred to an ultra-high 
performance concrete (UHPC). For this purpose, the mix design of the fine-grained mixture 
M3Q [2] was modified. Therefore, volumetric parts of the fine aggregate were replaced by 
expanded glass or clay. The lightweight aggregates used had a maximum grain size of 2 mm. 
In a second step, the particle size distribution of the lightweight aggregates was measured and 
a packing density optimization was done. 

It is reasonable to correlate the compressive strength of lightweight concretes with the bulk 
density. Therefore, the results of the concrete mixes are shown in a strength-density diagram 
(figure 1, left). The standard area for lightweight concrete was designed according to Thienel 
[3].  

 
             
Figure 1: Strength-density diagram for different structural lightweight concretes (left). µ-CT image of the 

material structure (right). 
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The results show that the formulations developed by the University of Kassel are significantly 
better than the area specified in the literature for high-performance lightweight concrete. For 
additional classification, further results from publications were included in the diagram and show 
that it is possible to increase the compressive strength up to 50 MPa compared to [3]. 

Different imaging techniques were used to see the embedding and distribution of the light 
aggregate in cement stone. One method was a scan with a high-resolution computer tomograph 
(µ-CT). Figure 1, right shows a sectional image of a mix design with expanded glass and a 
resolution of 1.49 µm. 

3 Fracture behaviour of UHPLC 

The modification of the microstructure by the reduced stiffness and strength of the lightweight 
aggregates leads to a changed load-bearing and deformation behaviour of these concretes. In 
particular, crack development and crack interlocking are altered by the lightweight aggregates 
and cause a lower load-bearing capacity [7]. To describe the failure model, a distinction is made 
between state I, linear-elastic area (before the first visible crack) and state II, cracked 
component. For lightweight concretes, the German Standard DIN EN 1992-1-1 [8] specifies 
factors for reducing the strength depending on the bulk density. In the case of structural 
lightweight concretes, it is assumed that no appreciable load dissipation is possible in the 
cracked state (state II). This leads to a drastic reduction of the characteristic compressive 
strength. 

The fracture behaviour of structural lightweight concrete can be investigated with in situ 
loading in 3D analyses (µ-CT). The focus is on the examination of state II and which failure form 
occurs. In this way, the design principles shall be questioned and new approaches for UHPLC 
can be generated. 

4 Conclusions and outlook 

With the UHPLC a new class of material could be developed. In order to be able to use the 
material safely, investigations still have to be carried out. These include further tests on the 
durability, load-bearing and deformation behaviour of the material. 
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1 Introduction 
The rheology of cementitious suspensions is dependent on various factors like solid content, 
particle size distribution and chemical composition. Moreover, the rheological parameters are 
reliant on shear history, which affects the formation of the particle network and thus the 
interparticle forces as the origin of yield stress and viscosity. 

To investigate the effect of shear time on the apparent state of flocculation and rheological 
performance, tests were conducted regarding the effect of the mixing time on the apparent 
particle size distribution using Focused Beam Reflectance Measurement (FBRM) and compared 
to actual measured rheological parameters in a rheometer. 

1.1 Rheological background 
Cement paste is a two-phase colloidal Non-Newtonian suspension whose rheological 
parameters yield stress and viscosity are highly dependent on the shear history applied to it: 
Agglomerates in the particle network are broken due to applied shear, mixing time and intensity. 
The structural breakdown changes the effective apparent granulometry of the interparticle 
network consisting of the apparent specific surface area and the size distribution of the 
agglomerates [1, 2]. Equilibrium is reached, when the applied shear is not powerful enough to 
further break the agglomerates.  

1.2 Focused Beam Reflectance Measurement (FBRM) for the in situ investigation of 
agglomerate size distributions  

FBRM is an in-situ technique for the characterization of the apparent chord length distribution of 
flocculated agglomerates in highly packed suspensions. A laser beam is focused through a 
rotating lens to a circular moving point nearby the instrument’s opening window. If an 
agglomerate is hit by this focus point, light is scattered back and registered by a detector. The 
tangential velocity of the beam and its speed are expected to be significantly larger than the 
agglomerate’s velocity. Therefore, the median chord length d50 of the agglomerate can be 
calculated from the scattering time, rotation speed and speed of light. The chord length 
distribution is directly linked to the agglomerate diameter distribution [3]. 

2 Materials and methods 
Two cement paste series using OPC 42.5 R and demineralized water with a solid content of 
0.45 were prepared according to DIN EN 196:1 und subsequently investigated. Series one was 
tested without superplasticizer (0.45), series two contained a PCE-based superplasticizer with 
an adjusted amount for a mini slump flow of 250 ± 5 mm four min after water addition 
(0.45_SP). Preshear times of 30, 90, 150 and 300 s were applied to the pastes. Then the 
rheological and FBRM measurements were started 15 min after water addition. For each series 
the average value of two repetitions was calculated. The detailed experimental procedure can 
be seen in [4].  

3 Results and conclusions  

Table 1 shows the results of the FBRM (median chord length) and rheological measurements 
(slump flow (SF), yield stress ( ) and viscosity (μ)).  
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Table 1: Average slump flow (SF), yield stress (s (s (s (s (s (s (s (s (s ( ) and viscosity (μ) of the cement pastes 0.45 and 0.45_SP 

Preshear  
time  
[s] 

0.45 0.45_SP 
 

[μm] 
 

[mm] 
 

[Pa] 
μ  

[Pas] 
 

[μm] 
 

[mm] 
 

[Pa] 
μ  

[Pas] 
30 90.65 151.0 62.5 0.79 91.25 239.0 13.3 0.48 

90 93.21 158.0 58.8 0.75 78.71 251.0 13.2 0.37 

150 - 173.0 54.1 0.55 - 260.0 12.8 0.31 
300 88.28 182.5 48.4 0.48 80.04 261.5 11.9 0.27 

 

Increasing the preshear time results in a reduction of the agglomerate sizes in the particle 
network which can be seen in Fig. 1. This reduction is more pronounced and proceeds faster in 
a system with superplasticizer. The breakage of agglomerates sizes meanwhile leads to a 
decrease in both viscosity and yield stress (Fig. 2 and Fig. 3). The decrease in yield stress also 
correlates to the increase in slump flow with increasing preshear time (Fig. 3)  
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(n=2) 
Fig. 2 Effect of preshear time on viscosity 
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Fig. 3 Effect of preshear time on yield stress and slump flow 

Through the combination of FBRM and rheological measurements it could be shown 
that the apparent agglomerate size affects both the paste yield stress and viscosity. These 
preliminary findings are to be deepened in future research.  

These studies were funded by the Deutsche Forschungsgemeinschaft (DFG, German 
Research Foundation) – Project number TUM: 387065993; project number TUBS: 
387066140.  
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1 Introduction 

In recent years, significant advance has been made in the 3D printing technology in 
construction and the use of building materials as the extrudable filaments. However, more 
general applications of 3D printing in construction require establishing reliability of printed 
structure by securing adequate mechanical performances.  

Recent studies have investigated potential mixtures for 3D concrete printing, such as 
ordinary Portland cement, calcium sulfoaluminate cement, and self-compacting concrete [1]. 
However, there has been little discussion on using ultra high strength or ultra-high-performance 
concrete (UHPC) as 3D printing materials to overcome the limitation on the mechanical 
strength. Recent research has established that UHPC features outstanding strength, flowability, 
and durability, and the admixtures used in UHPC are also well-documented by extensive 
investigations. The high fluidity of UHPC is expected to be suitable for the early stage of the 3D 
printing process such as pumping and extrusion. 

In this study, the compositional ingredients were based on the mixture of UHPC, generally 
does not include coarse aggregates. To estimate the suitability of UHPC for 3D printing, 
rheological properties were investigated using the flow table test, the ultrasonic pulse velocities 
(UPV) with admixture of sodium silicate solution (i.e., waterglass). Additionally, the effect of 
admixture on early age hydration was measured using an isothermal calorimeter. 

2 Materials 

The mix proportions are presented in Table 1. The sodium silicate solution (28-30 wt.% SiO2, 9-
10 wt.% Na2O, pH 11-12 was chosen to facilitate mixing of the materials as accelerators. The 
waterglass (WG) was added immediately, or it was delayed after 10, 20, and 30 min after 
contact of water and dry mix. 
Table 1: Mix proportions of samples with different dosage of sodium silicate (kg/m3). 

Mixture Water WPC 
Silica 
fume 

Quartz 
powder 

Micro 
sand 

Super-
plasticizer 

Sodium 
silicate 

UHPC 185 741 185 259 815 30 0 

WG1 185 (203.52)a 741 185 259 815 30 23.15 (9.26)b 

WG3 185 (240.56)a 741 185 259 815 30 69.45 (27.8)b 
a The value indicates the total amount of water including the amount of water in the sodium silicate solution. 
b The value indicates the solid content of sodium silicate. 

3 Results and discussion  

Hydration reaction at early ages 

With increasing dosage of WG, the onset of acceleration period was shifted to earlier time, as 
shown in Fig. 1. The delayed additions enhanced the accelerating effect than direct additions 
did; however, there was no significant difference in terms of the delayed addition time.  

Ultrasonic pulse velocity developments at early ages 

In the current study, the 1500 m/s threshold was considered the indicator of initial setting time 
[2]. The higher the dosage of WG, the faster the initial setting time. In terms of the time of WG 
addition, no noticeable difference or apparent trend was among the samples. 
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Figure 1: Heat flow of (a) WG1 and (b) WG3 groups compared with UHPC. 

 
Figure 2. Influence of WG dosage and addition time on the evolution of ultrasonic pulse velocity of (a) WG1 

and (b) WG3 compared to UHPC. 

Flow table test 

UHPC secured high fluidity due to the high dosage of SP and the increasing WG dosage and 
an increase of addition time led to a decrease in fluidity, as shown in Fig. 3.  

 
Figure 3. Fluidity of UHPC with different WG dosage and addition time. 

4 Conclusions  

This study presented the applicability of UHPC on 3D printing construction by controlling the 
rheological and hydration properties through a time-controlled dosage of WG. The increase in 
dosage and time of delayed addition of waterglass resulted in a decrease in induction period of 
UHPC. As a result, the significant decreases in the flow and the initial setting time suitable for 
3D printing application, were achieved. The results suggested that the superior mechanical 
properties and the high fluidity of UHPC can be utilizable in 3D printing by the delayed addition 
of 3% waterglass and by applying sufficient shearing before deposition. 

References 

[1] Marchon, D., Kawashima, S., Bessaies-Bey H., Mantellato S., Ng S.: Hydration and rheology control 
of concrete for digital fabrication: Potential admixtures and cement chemistry. Cement and Concrete 

Research 112, pp. 96-110, 2018. 

[2]   Trtnik, G.; Turk, G.; Kavčič, F.; Bosiljkov, V.B.J.C.: Possibilities of using the ultrasonic wave 
transmission method to estimate initial setting time of cement paste. Cement and Concrete 
Research 38, pp.1336-1342, 2008.



Session A2: Rheology I 

31 
 

Effect of chemical admixtures and addition times on rheology 
of Ultra-High Performance Concrete 

Megan S. Voss, Dr. Kyle A. Riding, Raid S. Alrashidi 

Department of Civil and Coastal Engineering, University of Florida, United States 

1 Background 

Ultra-High Performance Concrete’s (UHPC’s) compressive strength, tensile ductility, and 
excellent durability make it a desirable construction material for structures under high loads, 
unpredictable loads, or harsh environmental conditions. UHPC achieves these qualities in part 
due to its low water-to-cementitious materials ratio (w/cm). This ratio is usually below 0.25. In 
order to keep the mix workable, UHPC typically uses a very high amount of HRWRA 
(superplasticizer). Previous work has shown that the rheological properties of concrete are 
affected not only by the amount of water or admixture used, but also by the timing of addition. 
Several researchers suggest that delaying the addition of part of the water and admixtures can 
result in a more workable mix [1,2,3]. In concretes like UHPC with low w/cm, it has been found 
that a polyethylene glycol (PEG) used in conjunction with a superplasticizer can help disperse 
cement particles, thus making the mixture more fluid. Lange and Plank used a PEG with a 
molecular weight of 2000 (PEG-2000) to increase the spread flow of a cement paste with a 
w/cm of 0.30 [4]. The mechanism by which PEG assists in concrete flowability differs from that 
of a superplasticizer in that it does not adsorb on to the surface of the cement particles. Instead, 
it acts as a lubricant between the particles [4]. 

2 Research 

Methods and Materials 
A UHPC mix was developed using materials available in Florida, United States. Type IL cement 
was used because it is the most popular cement used in the state. Fly ash and silica fume were 
used as supplementary cementitious materials. A fine mason sand was used for aggregate, and 
a commercial superplasticizer was used. For some mixes, one of four PEGs, each with a 
different molecular weight, was used in addition to the superplasticizer. PEGs were dosed with 
respect to percentage of cementitious content, in amounts ranging from 0.2% to 1% by mass. 

The UHPC was mixed in small batches of roughly 10 Litres each. A rheometer with torque-
measurement capabilities was used to mix the concrete at a high speed while also measuring 
the power required to mix the material. This allowed the researchers to compare how the total 
mixing energy as well as peak mixing energy was affected by different admixtures and liquid 
addition times. The mixing sequence was as follows: 2 minutes of blending the dry ingredients 
together at slow speeds, followed by the first liquid addition. For the control mix, the first liquid 
addition contained 70% of the water as well as 100% of the superplasticizer. Three minutes 
after the first liquid addition, the second liquid addition was added to the mixture. For the control 
mix, this included the remaining 30% of water. This second addition was followed by nine more 
minutes of mixing. After mixing was completed, the flow measurement of the material was taken 
using the flow cone and table specified in ASTM C230 [5]. In accordance with the testing 
provisions for UHPC as defined in ASTM C1856, the flow table was not dropped before the 
measurement was taken [6]. After 10 minutes, a second flow measurement was taken to check 
slump retention. Paste samples were placed in an isothermal calorimeter soon after mixing was 
completed to record the heat released (and indirectly, the extent of the reaction) over time.  
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Results 

The PEGs used in conjunction with the ADVA 600 superplasticizer had drastically different 
effects on the workability of the concrete, depending on the molecular weight of the PEG. Table 
1 gives the flow results for each admixture. Because the flow cone had a base of 100mm, a mix 
with a flow radius of 100mm would be considered to have no flow at all.  

Table 1: Flow Results from Different PEGs 

Admixture Used Flow Radius (mm) 

Control (superplasticizer only) 215 

PEG 400 120 

PEG 1000 240 

PEG 2000 220 

PEG 8000 195 

 
The effect of the order of addition for admixtures and water were also studied. Results were 
compared between mixes that had all the water and admixture added at the beginning of the 
mixing sequence to those with some water and possibly admixtures delayed. The mixes with all 
liquids added in the beginning showed reduced flow diameter and an increase in the maximum 
mixing energy required. Whether or not the PEG was delayed, did not make a difference in 
either mixing energy or flow diameter.  

The isothermal calorimetry results showed that all of the PEGs used caused a delay in 
hydration. This delay ranged from about 1-5 hours, with larger doses of PEG causing longer 
hydration delays.  

3 Conclusions 

Polyethylene glycol (PEG) can have a substantial effect on the rheological properties of a 
concrete mixture. While it does cause a delay in hydration, some PEGs were able to improve 
the workability of UHPC with a low w/cm. More research into the different PEGs used is needed 
to see whether physical properties such as molecular weight or size are the reason that each 
PEG affects the mix differently. Delaying the addition of some of the mixing water improved 
concrete workability and decreased the peak mixing energy demand, but altering the time of 
addition for the PEG did not affect rheology. 
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1 Motivation and Aim 

Flowable concrete represents the link between Self Compacting Concrete (SCC) and 
conventional vibrating concrete. They exhibit outstanding workability but have to be slightly 
compacted to ensure sufficient deaeration. However, a too intense compaction may cause 
segregation of the coarse aggregate and thus impaired durability. Numerous studies have been 
carried out to rheologically characterize flowable concretes. However, only a few [1-4] were 
performed with simultaneous external compaction. Nevertheless, to ensure adequate 
deaeration and sufficient robustness against segregation, it is necessary to know the 
rheological properties during compaction. For this aim, rotational vane rheometer, deaeration 
and segregation tests during compaction were performed.  

2 Materials and Methods 

Materials and Mix Design 

OPC 42.5 N, fly ash, naturally rounded sand 0/4 mm, coarse aggregate 4/16 mm and PCE-
based superplasticizer (SP) were used. For variation of the (uncompacted) plastic viscosity µ, a 
1st series of concretes (µ-, µ°, µ+) was differed in its water to binder ratio w/b and thus relative 
solid concentration (direct effect on µ), but constant paste volume, binder composition and 
grading curve of the aggregate. The SP content was adjusted to reach a comparable dynamic 
yield stress (τ0D°). Furthermore, a 2nd series based on mix design of µ° but with a variation of 
the SP content and thus the initial dynamic yield stress (τ0D

-, τ0D°, τ0D
+) was investigated. 

Compaction  
The compaction work W was determined by assuming a harmonic sinusoid of the vibration 

table. The compaction scenarios represented the range from under-compaction (W~300 J), over 

usual compaction for flowable concrete (W~2,500 J) to over-compaction with concrete 

segregation (W~8,000 J). 

Test Procedure 

The test procedure began 19 min after water addition (after 30 s of remixing the concrete). The 
rheological investigations were carried out in a 4-bladed rotational vane-in-cup concrete 
rheometer with a speed-controlled step profile (8 steps, 8 s each, rotation speed stepwise 
reduced from 0.5 rps to 0.03 rps). The dynamic yield stress τ0D and plastic viscosity µ were 
determined under the assumption of Bingham's law. For measurements during compaction, the 
cup of the rheometer was rigidly fixed to a vibrating table and thus the concrete inside could be 
compacted, while the vane paddle was decoupled from the vibration. The air void content was 
determined based on EN 12350-7 and the coarse aggregate segregation by cylinder 
segregation test [5] both without and with a successive increase in compaction by increasing 
either frequency or duration of the vibration table. 

3 Results and Discussion 

Figure 1 exemplarily shows the development of τ0D (left) and µ (right) under the effect of W for 
varying µ+, µ° and µ- but with comparable τ0D°. Compaction reduces both τ0D and µ of all tested 
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concretes. The reduction in τ0D was linked to the initial concrete viscosity: for the high viscous 
concrete µ+, even low compaction led to a significant reduction in τ0D, whereas just a slight 
decrease could be observed for concrete µ-, Figure 1 (left). Even a light compaction was 
sufficient to reduce µ of all investigated concretes by 30 to 50%, see Figure 1 (right).  

The effect of W on the concretes with varying τ0D but constant µ° showed comparable results 
to the behaviour of τ0D°/µ° in Figure 1. The development of µ under compaction proved to be 
largely independent of the initial τ0D. Thus, the behaviour for τ0D°/µ° shown in Figure 1 (right) 
can also be assumed as representative for τ0D

-/µ° as well as τ0D
+/µ°. 
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Figure 1: Evolution of dynamic yield stress (left) and plastic viscosity (right) of concretes µ-, µ° and µ+ with 

yield stress τ0D° as function of the compaction work W 
 

Figure 2 shows the segregation behaviour 
of concretes µ+, µ° and µ- with yield stress τ0D° 
as a function of W. The low viscos concrete µ- 
segregates significantly even at low W. With 
increasing viscosity, segregation is less 
affected by the compaction because high 
viscos concretes also exhibit high viscosity 
during compaction, which counteracts 
segregation. As expected, the robustness 
increased as well with increasing initial yield 

stress. Furthermore, the reduction of the initial viscosity led to improved deaeration behaviour, 
since the low viscous concretes had the lowest viscosity even during compaction. 

4 Conclusions 

The rheological, deaeration und segregation behaviour of flowable concretes with varied yield 
stress or viscosity were investigated in dependency of compaction intensity. It was found that 
yield stress and viscosity were reduced during compaction and that the magnitude of that 
reduction is directly linked to compaction intensity. Furthermore, concretes with high initial (not 
compacted) yield stress or viscosity showed also high values during compaction. This explains 
that highly viscous concretes showed higher robustness, but also a deteriorated deaeration. 
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Figure 2: Segregation of concretes µ+, µ° and µ- with 
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Direct tensile testing of Ultra-High Performance Fibre 
Reinforced Concrete  
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1 Introduction 

An advantage of ultra high performance fibre reinforced concrete (UHPFRC) over conventional 
strength concretes is that its mechanical properties include a tensile capacity greater than 
10MPa, and significant ductility continues to develop even after cracking has occurred [1]. To 
encourage the industry to further exploit the structural advantages of UHPFRC it is necessary to 
accurately evaluate and demonstrate its significantly improved tensile behaviour in comparison 
to conventional concretes. This paper describes an experimental test method that was 
developed to determine the stress-strain behaviour of UHPFRC in direct tension. 

2 Methodology 

Tests in which the concrete specimen is pulled apart by a uniaxial load is the best method to 
determine the concrete tensile capacity as there are no additional stresses induced in the 
specimen. However, there is no standard method available for direct tension testing of concrete 
and issues commonly arise around the gripping mechanism, which can introduce significant 
stress concentrations that can cause premature failure. 

Direct tensile dogbone specimens with circular cross sections were developed to ensure that 
fracture occurred away from the grips and stress concentrations at changes in cross-section 
were minimised. The diameter of the cross section of the specimen was gradually reduced from 
120mm at the grips to 55mm at the centre of the specimen using a curved profile, as shown in 
Figure 1 (a). When gripping the concrete specimens, the main objective is to increase the 
friction at the concrete-steel interface, without inducing secondary stresses into the concrete 
specimen. Direct compression contact between the concrete specimen and the steel grips was 
used in this research, Figure 1(b). Numerical and experimental trials verified that no stress 
concentrations occurred at the gripping locations. A Tinius Olsen Hounsfield frame with 
displacement controlled loading was used for the direct tensile tests, as shown in Figure 1 (c).  

        
(a)                   (b)                          (c) 

Figure 1: Details of (a) the dogbone specimen, (b) grips and strain gauge arrangement, and (c) testing frame. 

Strain gauges were used to record the stress-strain relationship. Three strain gauges were 
attached to each specimen at 120º to each other around the circumference of the midsection of 
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the specimen, as shown in Figure 1 (b). By correctly aligning the specimen in the pre-load 
phase of testing and demonstrating that the strain recorded by each of the gauges was 
comparable in the pre-cracking stage, uniaxial behaviour was ensured. Preliminary test results 
and previous literature [2 - 4] illustrated that the most suitable loading rate was 0.4mm/min. 

Mix Design 
Table 1 presents the mix proportions of the mixes investigated. Particle size distr ibution curves 
of the individual constituents were used in conjunction with the modified Andreasen and 
Andersen model [5] to design the mixes investigated in this research. The steel fibres used 
were Dramix OL 13/.20 with a length of 13mm, a diameter of 0.20mm, and a tensile strength of 
2600MPa. The steel fibre dosages used were 0%, 1%, 2%, 3% and 4% by volume of concrete.  
Table 1: Mix proportion of UHPFRC by weight ratio. 

Material CEM I MicroSilica Sand Water Admixture 

Ratio to CEM I by Weight 1.00 0.25 1.26 0.22 0.05 

3 Results 
Table 2 presents the average of three specimens first crack and peak direct tensile stress 
results for each fibre dosage. Failure occurred in the 0% and 1% fibre mixes due to the rapid 
propagation of a single crack. After first crack in the 2%, 3% and 4% fibre specimens, strain 
hardening resulted in an increase in post-cracking capacity with an increase in fibre dosage 
resulting in an increase in the post-cracking stress. This strain hardening behaviour 
differentiates UHPFRC from other lower strength concretes. The formation of multiple 
microcracks was evident and failure occurred due to fibre pullout with one or more microcracks 
expanding to form a macrocrack.  
Table 2: Average dogbone specimen direct tensile first crack and peak stresses 

Fibre Dosage  0% 1% 2% 3% 4% 

First Crack Stress (MPa) 10.5 10.5 10.5 10.8 11.4 

Peak Stress (MPa) 10.5 10.8 11.6 12.4 13.4 

4 Conclusions 
The primary advantage of the direct tension dogbone specimens is its circular cross-section and 
curved throated midsection that removed potential stress concentrations at sudden changes in 
cross-section. The tensile stress-strain behaviour was recorded using three strain gauges 
equally spaced around the circumference of the throated section of the specimens to ensure 
uniaxial load was applied. Fibre dosages of 2% and higher exhibited strain hardening and 
residual strength after first crack formation, which was a result of the fibres in the matrix 
bridging the first cracks and redistributing the stress released through microcracking. 
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1 Introduction 

Spent Equilibrium Catalyst (ECat) is a waste material generated by the oil refinery industry. 
ECat [1] was shown to act as an internal curing agent in UHPFRC, since the absorbed water in 
the porous ECat particles is released in matrix and provides a beneficial effect to reduce the 
autogenous shrinkage. This research focuses on the characterization of the tensile behaviour of 
the optimized UHPFRC_ECat mixture. The results are compared to a previously developed 
conventional UHPFRC, both exhibiting a close compressive strength. 

2 Mixes, specimens and test setup 

Mixes 
The mix compositions with 3% fibre volume fraction are shown in Table in which U and U_ECat 
designate the conventional and new mixture with ECat [1], respectively. Smooth brass coated 
high-strength steel fibres with lf =13 mm and df = 0.2 mm are used. U and U-ECat mixtures 
exhibited a slump flow diameter of 280 and 282 mm, respectively, without any compaction 
energy; and close 28-day compressive strength between 140-150 MPa, without heat/pressure 
treatment. 
Table 1:  Mix compositions (kg/m3). 

Mix Cement Silica fume ECat Filler Water SP Sand Fibres 

U 794.90 39.74 --- 311.43 185.20 30.03 940.96 235.50 
U_ECat 690.19 33.56 155.45 250.58 207.50 19.48 775.01 235.50 

Specimens and test setup 
The interfacial bond properties were characterized through one-sided single fibre pullout tests 
performed in both the conventional and ECat plain UHPCs matrixes. An embedment length lf/2 
= 6.5mm was adopted and three fibre orientation angles 0°, 30° and 60°, were tested. For each 
mixture, two series of dog-bone specimens with different fibre orientation profiles were cast for 
testing under direct tension: one series of specimens with randomly oriented fibres and another 
with well-oriented fibres. In the latter, the matrix was subjected to an electromagnetic field 
during casting to align the fibres parallel to the loading direction [2]. The uniaxial tensile tests 
were performed on the dog-bone specimens with hinged-hinged boundary conditions. 

3 Results and discussion 

Interfacial bond properties 

Figure 1 shows the interfacial bond properties between fibre and matrixes. The influence of 
fibre orientation is noticeable. Both mixtures show a similar fibre debonding load for the tested 
fibre orientation angles. However, when it comes to the maximum load and pullout work, higher 
values are observed for U_ECat. This confirms higher friction between the fibre and the U_ECat 
mixture during the pullout stage, which needs to be further studied by microscopic analysis of 
the surface of pulled out fibres. In the case of inclined fibres, two failure modes were observed 
during the tests: fibre pullout and fibre rupturing. A higher number of fibres ruptured in U than 
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U_ECat. This depends on the strength of the matrix at the fibre exit point, in which a matrix 
wedge is formed and detached during the fibre pullout. In the future works, SEM analysis and 
micro-hardness measurements will be used to examine the quality of interfacial transition zone 
between the fibres and each of the mixtures. 
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Figure 1: Interfacial bond properties: (a) debonding load, (b) maximum load and (c) pullout work. 

Uniaxial tensile behaviour 
Figure 2 shows the tensile behaviour of U and U_ECat. The tensile stress at crack initiation is 
nearly the same for both mixtures. The behaviour is significantly improved by orienting fibres 
parallel to the loading direction (well-oriented). Due to the variation in the fibre orientation 
profiles of the randomly oriented specimens, scattering is observed during the post cracking 
stage. This makes it difficult to compare the tensile fracture parameters without a detailed 
analysis of the fibre orientation profiles. However, similar fibre orientation profiles are expected 
within the well-oriented series. The analysis of the post cracking parameters of the well-oriented 
series reveals that post-cracking tensile strength, fUtu, slightly increased from 14.9 MPa to 16.1 
MPa, while strain at the onset of crack localization reduced from 0.0047 to 0.0043 for U to 
U_ECat mixtures, respectively. In the next stage, image analysis will be performed on each 
specimen to determine the fibre structure parameter and then correlate it to the tensile fracture 
parameters, as discussed in reference [2]. 
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Figure 2: Uniaxial tensile behaviour: (a) U and (b) U_ECat. 

4 Conclusions 

Marginal differences between the tensile behaviour of UHPFRC and UHPFRC_ECat in meso- 
and macro-scale were observed. This seems to confirm the adequate performance of the new 
UHPFRC_ECat mixture for structural applications. 
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About the biaxial flexural strength, the size effect and the 
correlation with uniaxial mechanical properties of UHPC 

Milan Schultz-Cornelius, Matthias Pahn 
Institute of Concrete Structures and Structural Engineering, Technische Universität Kaiserslautern, Germany 

1 Introduction 

The biaxial flexural strength of unreinforced concrete structures is hardly investigated because 
of a former lack of applications. Nowadays the applications, where a biaxial resistance is 
needed, increase. There are for example single unreinforced foundations, temporary shotcrete 
applications in tunnels and point supported slabs as facades. While the knowledge for normal 
strength concrete is already developed [1,2,3], nearly nothing is known for Ultra High 
Performance Concrete (UHPC). This applies especially to test methods as well as the scale 
effect. The uni- and biaxial flexural strength of concrete structures depends on the centric uni- 
and biaxial tensile strength and the height of the structure. An increasing height causes a 
decreasing of flexural tensile strength which reduces the tensile strength. The size effect on 
uniaxial tensile strength and uni- and biaxial flexural tensile strength of UHPC has been 
investigated at TU Kaiserslautern. The aim of the experimental series was to investigate and 
increase the knowledge on biaxial flexural strength, the size effect and to enable the calculation 
of the biaxial flexural tensile strength of any thin structural component on the basis of the test 
results of a standard prism-shaped specimen with a standardized height of 40 mm to be used it 
for structural design. 

2 Experimental investigations 

Geometry and production of the specimens 
For the testing of the uniaxial bending tensile strength prisms and for the tensile strength, dog 
bone shaped tensile test samples were produced where the component height h varies. The 
dimensions of the specimens were based on [4,5]. Circular discs were used as supports for 
biaxial flexure tensile tests with a ratio of component thickness to diameter from approximately 
1/10, which are also used for normal concrete [2] and natural stone [6]. After concreting, the 
specimens were wetted and covered with foil. After one day, the formwork was removed and 
the specimen were stored wet for 28 days, then stored dry for three days at 20°C until testing. 

Results 

With a decreasing depth from 50 mm to 15 mm an increase in mechanical tensile strength could 
be observed in all tests. In numbers an increase by 39 % for uniaxial tensile strength fct by 70 % 
for uniaxial flexural strength fct,fl,I and by 40 % biaxial flexural strength fct,fl,II could be determined. 

3 Conclusions  

In the Figure 1 (left) the calculations based on the existing approaches, which describe the ratio 
between flexural tensile strength and tensile strength for h ≥ 50 mm, are mathematically 
extrapolated for h < 50 mm and graphically illustrated. The results of the experiments serve as 
a reference. The diagram shows an accordance of the experimental results with the calculation 
approach of DAfStb Heft 444 [7]. from depths between of 40 mm and up to the results. The high 
accuracy of the calculations with the help of this approach can be observed for h ≥ 40 mm up to 
the tested depth range. According to [7] the ratio should grow non-linearly for depths of h ≤ 35 
mm, however the experimental results show an approximately linear relation. This linear 
correlation shows an increase similar to the approach of the Eurocode [8]. In order to enable 
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the conversion between flexural tensile strength and tensile strength for thin structural elements 
a theoretical formulation for depths h ≤ 35 mm is derived: 

 (1) 

  
Figure 1: left – uniaxial bending vs tension: Comparison between MC 2010 [9], Heft 444 [7], EC2 [8] and exp. 

results; right – uniaxial vs biaxial bending: Comparison between Zi [2] and ASTM C1550 [3] and exp. results 

In the Figure 1 (right), a good accordance of the test results with the results reported in [2,3] 
can be seen. The results from [3] show a similar slope as the own test results, while the results 
from [2] predicts an almost constant ratio between biaxial and uniaxial flexural tensile strength. 
An empirical calculation model is then derived from the polynomial regression curve shown in 

Figure 1. The function is converted for  to the following equation: 

 (2) 

Furthermore, by inserting equation (1) into (2) the tensile strength or biaxial flexural strength 
can be calculated using the other mechanical property determined in a test. The proposed 
model is valid for UHPC with a largest grain diameter of 8mm. 
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1 Research significance 

The poor residual post-cracking strength of ordinary cement-based materials is substantially 
enhanced by a fibre-reinforcement [1]. At first glance, processing data collected from uniaxial 
direct tensile tests controlled by crack mouth opening displacement appears to be the most 
straightforward way to assess the tensile post-cracking behaviour of Fibre-Reinforced Concrete 
(FRC) and thus determine the ductility provided by fibre addition. However, carrying out uniaxial 
tensile tests (UTTs) on a concrete-based composite is a challenge for most laboratories, mainly 
due to the difficulty to attach properly the specimen to the platens of the testing machine [2]. 

Thus, and with the aim to facilitate the design of Ultra-High Performance Fibre-Reinforced 
Concrete (UHPFRC), the recent French standard NF P18-470 [3] allows the post-cracking 
behaviour of such materials to be assessed by applying an inverse analysis using data derived 
from three-point and four-point bending tests. More details on the implementation of this method 
are given in [4]. 

This study investigates the relevance of the NF P18-470 [3] inverse method applied to a 
UHPFRC incorporating Ground Granulated Blast-Furnace Slag (GGBS) as ultrafine and 
reinforced by Amorphous Metallic Fibres (AMFs). 

2 Raw materials and methods 

Raw materials 
The granular spectrum of the mix is optimised by applying the Andreasen & Andersen packing 
method [5]. The GGBS-to-cement ratio is 1.50, the polycarboxylate-based superplasticizer-to-
binder ratio is 1.6% and the efficient water-to-binder ratio is 0.19. AMFs are used at 1.5% by 
concrete volume. 

Compared to conventional metallic fibres, due to their chromium content as well as to an 
isotropic atomic organisation, AMFs exhibit higher corrosion resistance and resistance to 
aggressive environments. They are consequently most suitable for sanitation networks, road 
buffers, sealing mortars, technical slabs, prefabricated products such as nuclear waste 
containers, etc. 

Regarding UHPFRC binder design, the choice of GGBS as a total substitute for the most 
commonly used ultrafine, i.e. silica fume, is aimed to secure steady raw material supplies over 
time. 

Methods 

Uniaxial tensile tests are carried out on 70x70x140 mm3 prisms notched at mid-height, while 
bending tests are conducted on 70x70x280 mm3 prisms. All tests are carried out on specimens 
after 28 days of curing (20°C and 95% RH). 

The ductility is assessed from tensile stress-Crack Mouth Opening Displacement (CMOD) 
curve, and the UHPFRCs covered by NF P18-470 [3] must satisfy the following inequality: 
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where w is the CMOD, σf(w) the post-cracking stress in MPa, w0.3 the upper limit of CMOD, i.e. 
0.3 mm, and fctm,el the mean value of the limit of elasticity under tension in MPa. 

3 Results 

For the record, the compressive strengths of the composite measured on 7x7x7 cm3 cubes and 
on cylinders of 11 cm in diameter and of 22 cm in height are of 140 and 115 MPa respectively. 

The experimental tensile stress vs. CMOD curve and the one derived from bending tests 
using inverse analysis are shown in Fig. 1. The values of the tensile limit  of elasticity and of the 
ductility are given in Table 1. 

 
Figure 1: Tensile stress-CMOD curve from uniaxial tensile tests (UTT) and the one derived from bending tests 

using inverse analysis (IA). 

 

Table 1: Mechanical properties of the UHPFRC. 

  Tensile limit of 
elasticity  

Ductility 

Uniaxial tensile test MPa 7.6 4.4 

Bending test MPa 9.4 5.4 

Required value according to NF P18-470 [3] MPa 6 3.8 

4 Conclusions 

This study compares two methods of post-cracking behaviour assessment of UHPFRCs: 
implementation of uniaxial tensile tests and an inverse analysis applied to the data from 
bending tests according to NF P18-470 [3]. 

The tensile stress-CMOD curves obtained from both methods are quite similar. However, it is 
found that the curve obtained by inverse analysis yields higher values both for the tensile limit 
of elasticity and for ductility. With regard to post-cracking, results also show that GGBS-based 
UHPFRC reinforced with 1.5 vol.% AMF complies with NF P18-470 [3]. 
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1 Introduction 

To break into a new consolidated market with a new product is a challenge even for those 
products like ultra-high-performance concrete (UHPC) which has proven its worth outside the 
borders of Colombia. Even more so if this product does not have a local regulation that 
endorses it, as is the case of UHPC. That is why local developments, both dosages, and 
applications, are of vital importance. In this sense, it is important to highlight the execution of 
the pedestrian bridge in the National University of Colombia in Manizales (Colombia), 
connecting different educational areas within the institution, using Advanced Concrete ®, a 
UHPC proprietary formulation using local materials developed by the company Argos SA. 
The pedestrian bridge is part of a new building at the Nacional University campus. The 
footbridge is composed of 14 UHPC premanufactured segments joined by non-adherent post-
tensioning. Each keystone has a 3-ton weight. The total length of the structure is 26 m 
containing two 13 m spans.  
Initially, the design involved a metallic structure, however, Argos proposed to the University to 
change the steel for Advanced Concrete ®. The decision to opt for this material represented a 
saving of 33% of the total cost of the work. 

2 Pedestrian Bridge Architectural and Structural Design 

The architectural design is inspired by a fish skeleton. The structural system of the footbridge is 
composed of the main girder with a plug-socket joint system. 3 post-tensioned cables were 
used to get the 14 segments together. The compressive strength of the segments exceeded the 
150 MPa, while foundations were poured on-site using regular f’c=50MPa concrete. Three 
columns were disposed to support the main structure. The cross-section and the structural 
conception of the UNAL pedestrian bridge are depicted in Fig.1. 

 
Figure 1: Cross-section and the structural conception of the UNAL pedestrian bridge. 

3 Construction of the Keystones 

Starting in July 2018, the construction of 14 keystones using Advanced Concrete ® was 
performed at Bieton field office in Medellín, Colombia. Pre-mixed UHPC was delivered through 
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the concrete batch plant. In order to improve the packing density of concrete, a slight vibration 
was applied to the mold during the pouring, prolonging it until one minute after completed. 
Several steps of the construction of the keystones are shown in Fig. 2. 
 

    
Figure 2: Different stages of the keystone construction at Bieton field office in Medellín (Colombia). 

4 Pedestrian Bridge Installation 

On November 1, all 14 keystones were installed at the National University of Colombia in 
Manizales. At the Bieton field shop in Medellín, the 14 keystones were delivered using five 
semi-trucks (with a maximum load of three keystones each truck). At the pedestrian bridge site, 
the keystones were moved by crane. Once the keystones were in position, joints were realized 
with field-cast UHPC. After that, the post-tensioning process was performed, creating a 
continuous girder.  

5 Conclusions  

Material mechanical properties of UHPC makes possible the development of new infrastructure 
such as the UNAL pedestrian bridge in Manizales (Colombia) under four main objectives: fast 
construction, minimal affectation to concomitant uses, building long-lasting facilities with low 
maintenance cost (thanks to high durability) and building cost reduction compared to other 
alternatives of less efficient materials. Furthermore, this paper shows good practices, large 
applications of UHPC and attractive potential market in Colombia. 
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1 Introduction 

Ultra-high Performance Concrete (UHPC) is an advanced cementitious material that is 
attracting attention in the construction industry due to its exceptionally high strength and 
durability, leading to structures having low maintenance requirements. In the last few years, 
research works on the mix design of fibre reinforced UHPC using local materials have been 
conducted in Belgium. Consequently, reflections were held to promote the use of this concrete 
in specific applications. This led to the design and construction of the first Belgian precast 
bicycle/pedestrian bridge made of UHPC in cooperation with Infrabel, the Belgian railway 
infrastructure manager. 

2 Previous research works 

During previous research works, a UHPC mix has been optimized using local aggregates. The 
average mix proportions are given in Table 1. The 100 mm cube compressive strength at 28 
days is about 160 MPa. 

Table 1: UHPC mix 

  UHPC mix 

Quartz sand 0/0.5 mm kg/m³ 335 

Quartz powder (d50 = 12 µm) kg/m³ 83 

Porphyry 2/4 mm kg/m³ 723 

CEM I 42.5 R HSR LA kg/m³ 830 

Silica fume (slurry – 50% water) kg/m³ 332 

Mixing water kg/m³ 12 

Superplasticizer (polycarboxylate con. 30%) kg/m³ up to 24 

Steel fibres (6 and 30 mm length) vol.% up to 2 

(water/cement)-ratio - 0.23 

(water/binder)-ratio - 0.20 

 
Up to 2 vol.% (i.e. 156 kg/m³) steel fibres of 6 mm and 30 mm length are added to the mix to 

enhance the load carrying capacity and ductility of the concrete. Silica fume slurry and quartz 
powder are used to densify the matrix. The addition of high dosages of polycarboxylate based 
superplasticizer ensures a suitable fluidity, close to that of a self-compacting concrete (slump-
flow around 700-800 mm, as measured according to EN 12350-8). 

Lab experiments at the BBRI showed among others that this UHPC mix has an excellent 
resistance to carbonation, to freezing and thawing, to alkali-silica reaction and against ingress 
of aggressive substances such as chloride ions and sulphates [1]. These results are in good 
agreement with other studies and existing recommendations [2]. 

In a second stage, the industrial feasibility of this type of concrete was evaluated by the 
production and experimental investigation of 7 m long prestressed I-girders [3][4]. Thanks to the 
sustained post-cracking tensile capacity of UHPC, the moment capacity of the tested girders 
was approximately 750 kNm. 
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3 Pedestrian bridge 

Based on these previous results, a UHPC footbridge was designed to cross a 2-track railway 
line in Brussels. This new one was installed in December 2018 and replaces the first Belgian 
prestressed footbridge built in the 50’s. It consists of a thin slab (10 cm thick) of 36 m long and 
4 m wide, supported by two slender ribs (see Fig.1). The choice of the UHPC was made in 
regards of the lightness (weight reduced by half compared to C50/60 option), limited access for 
erection and extended lifespan. 

In this mix, 1 vol.-% steel fibres were used. The concrete element was steam treated to 
accelerate the strength development, limit the residual shrinkage and reduce even more the 
porosity of the concrete. 

The calculations were verified by full-scale loading tests (500 to 750 kg/m²) using water-filled 
containers. 

     
Figure 1: UHPC pedestrian bridge in Brussels (left: production; right: final realisation) 

4 Conclusion 

In Belgium, UHPC so far has been used exclusively in applications such as street furniture or 
local repair works. This first experience of a civil engineering work in UHPC is a great success 
and should give rise in the future to other applications in the same vein. 
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1 Introduction 

UHPC, Ultra High Performance Concrete, usually reinforced with steel (usually high strength) or 
polyolefin fibres (PP, PA or PVA), is therefore better named as UHPFRC, (Ultra High 
Performance Fibre Reinforced Concrete). It is a modern material based on principles similar to 
normal strength concrete (NSC), but applied in the smaller scale, characterized by its material 
optimization: fine-grained sand, silica fume, fibres, Portland cement with no large aggregates. 

The used mixture was finally developed in 2017 after several years of research and applied 
tests in cooperation of KŠ PREFA company and Klokner institute of CTU. The exact design of 
the mixture cannot be published, but it is quite similar to standard UHPC mixtures as described 
above. There are no valid (or validated by legislative) normative standards in the Czech 
Republic concerning UHPC, except three methodical manuals published in 2015 by Klokner 
institute. 

2 UHPFRC bridges 

2.1 Footbridge over the Lubina river in city Příbor 

The load bearing structure of the footbridge is a single span prismatic rectangular beam. A span 
of almost 36 meters and the height of cross section 800 mm declares boldness of structural 
engineer working with concrete and the ratio 1:45 fulfils the requirement of the architect. The 
structure itself is made of 5 elements connected by post tensioned monostrand cables, injected 
in three channels with parabolic shape. Connections of the elements were sealed by epoxy 
mortar, four channels were used special waterproof connectors. The casting of the elements 
was preceded by tests of testing elements. At first, elements with volume of 1.0 and 2.0 m3 
were tested for development of hydratation heat. After that, two elements, each in half volume 
of a typical element, were casted simultaneously as a test of batching, casting and test of the 
mould. In that moment it was the largest UHPFRC casting in CR of all the time. These elements 
were used for sealing, cable tensioning test and testing of the handrail anchoring.  

2.2.  Pedestrian and cycle bridge in the vicinity of Black Bridges in city Tábor 

The presented footbridge creates an essential part of a complex of pavements and bike paths 
over the Budějovická street and its access roads in densely built-up part of the city Tábor. The 
footbridge is parallel to the steel railway bridge, in the vicinity ca 1.1 m. Load bearing structure 
is single span Pi - beam, with height of 0.94 m, width 3.0 m and length of 27.0 m; prefabricated 
as one prestressed element consisting of 12 m3 UHPFRC. Bridge deck with thickness of 60 mm 
is reinforced only by ribs in the distance 1000 mm. Steel rebars are not used in the deck itself.  
Structure is designed according to EN 1991-2 and methodical manual for designing of UHPC 
structures by Klokner institute of CTU, 2015, uniform load caused by crowd of people of 
5 kN/m2, single load of service vehicle of total weight 3.5 t with dynamic coefficient δ = 1.10 and 
special vehicle of 12 t. UHPFRC casting in one step for one element with volume of 12 m3 is 
unique in Europe. After casting elements for the footbridge in Příbor, gained experience allowed 
to cast whole load bearing beam for the footbridge in Tábor in one 2-hour long work. Detailed 
preparation, comprehensive planning and on scale testing established the casting process 
without any pause, which was essential to avoid cold joints and to achieve optimal scatter of 
steel fibres, flawless surface and unexceptionable serviceability and durability of the finished 
UHPFRC element. One of the largest UHPFRC element poured in one take in Europe was 
successfully created, assembled and put in use by the public. 
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2.3 Footbridge over Dřetovice stream in Vrapice - city part of Kladno 

Single span footbridge with unique U-shaped cross section leaps over the stream in two arches, 
vertically and horizontally. Beam with its length of 10.5 m, thickness of the walls 40 mm, 
thickness of the deck from 45 to 55 mm, without any steel rebars or prestressing cables, made 
of this experimental structure unique footbridge in the world. Volume of used UHPFRC ca 
1.6 m3 was casted in specially designed mould twice, first attempt was success in casting but 
unsuccessful in load testing of the whole bridge element. Second attempt was casted with 
thicker walls and modified geometry of wall-deck connection. The second bridge beam 
successfully accomplished load testing and was assembled in place over the stream. 

2.4 Bridges over the railway tracks in city Přerov 

Both bridges are over the railway track Přerov – Bohumín and Česká Třebová – Přerov. 
General constructor, Strabag, was recovering old steel loadbearing structures of both bridges 
with new one. Support structures were repaired. Bridge deck was casted over the steel 
crossbeams with NSC, but as the lost formwork were used thin UHPFRC slabs, both inside 
between the main steel girder and outside as sidewalk deck. Thickness of the NSC deck varied 
from 220 to 400 mm. UHPFRC slabs with a thickness of 60 mm covered the distance between 
steel crossbeams with a span of ca 1.7 m. For the sidewalk part the NSC deck was 190 mm 
thick and the UHPFRC slab was 50 mm thick. Lost formwork for bridge cornices were 
1900x600 mm and 50 mm thick. Before casting the thin slabs, the initial testing of the early age 
elements had to be performed. The early loading of the slabs is the reason for a different 
control testing schedule, where had to be proved enough safety of 7-day old slabs. 

 

   

Fig.1 – 3: Footbridges in Příbor, Tábor and Vrapice (left to right) 

3 Conclusions 

Four modern bridge constructions from UHPFRC were successfully designed and built in the 
Czech Republic in the last two years. More and more knowledge of this modern material is used 
in transport infrastructure same as in civil engineer structures nowadays. At this momet new 
projects using UHPFRC are under construction in the Czech Republic. 
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1 Introduction 

This project focuses on a durable rehabilitation and strengthening method of wall-type bridge 
piers. This method consists in the jacketing of the bottom part of the piers where deterioration 
typically occurs.  

Bridge piers are exposed to de-icing salts, water projection, carbon dioxide, and other 
aggressive environment. Therefore, they can suffer high degradation involving concrete spalling 
and corrosion of the reinforcement. The corrosion of the transverse reinforcement can in turn 
lead to a lack of shear resistance and susceptibility to brittle failures. In order to solve both 
corrosion and shear resistance issues, a jacket of ultra-high performance fibre-reinforced 
concrete (UHPFRC) is applied on the bottom part of the pier. 

2 Experimental campaign 

In order to prove the effectiveness of this retrofitting method, an experimental campaign was 
carried out at the University of Liège. As shown in Fig. 1, four large-scale walls were built and 
tested to failure in the structural laboratory.  

The variables of the tests are presented in Table 1. The reference specimen (M0) only 
consisted of reinforced concrete (RC) with a relatively low amount of stirrups, and therefore it 
was susceptible to brittle shear failure. The other specimens featured the same amount of 
stirrups, but they were retrofitted with an UHPFRC jacket of variable thickness.  
Table 1: Variables 

Wall name Thickness of 
UHPFRC (mm) 

Surface 
preparation 

Vertical load, 
 N (kN) 

N/(Ag f’c) 
 (%) 

M0 0 / 1200 6.7 
M30S 30 Smooth 1200 6.6 
M30W 30 Water jetting 1200 7.5 
M50W 50 Water jetting 2200 14.0 

 

 

 

 
 

 
Fig. 1 Description of specimens Fig. 2 Behaviour of walls 
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M50W 

M30W 

Flexural 
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3 Behaviour of walls 

The main results from the tests are presented in Fig. 2 in terms of shear force vs. top lateral 
displacement. As expected, the reference wall M0 failed in shear in a very brittle manner.  

The behaviour of walls M30S and M30W demonstrated the effect of UHPFRC jacketing with 
30mm thickness. These tests revealed that the effectiveness of the strengthening method 
depends very much on the surface preparation. When UHPFRC is applied on a smooth surface 
as in wall M30S, debonding develops and the two materials (RC and UHPFRC) stop working 
together. On the other hand, UHPFRC cast on a rough surface enhances significantly the 
performance as evident from wall M30W. The longitudinal reinforcement yielded before failure 
and thus wall M30W reached its flexural resistance. Curve M30W shows larger strength and 
displacement capacity as compared to curves M0 and M30S.  

Because the UHPFRC jacket on wall M30W was sufficient to reach the flexural capacity, it 
was decided to increase the axial load on wall M50W, and in this way to tests whether the 
50mm jacket will be sufficient to reach the flexural capacity again. Indeed, as evident from Fig. 
2, wall M50W exhibited flexural yielding, large displacement capacity and enhanced ductility.  

4 Digital Image Correlation (DIC) measurements 

The DIC techniques was used to measure the complete displacement field of the walls. The 
DIC allowed to obtain the principal tensile strains in the wall, and in this way to trace the cracks 
as shown in Fig 3. Additionally, the kinematics of the main diagonal cracks was measured in 
terms of opening and slip displacements as illustrated in Fig 4. These results will be used to 
validate and extend a kinematics-based modelling approach for the behaviour of shear walls [1]. 
It is the final objective of this research to adapt this model to UHPFRC-jacketed piers.  

 

 

 
 

Fig. 3 Principal maximal strains at peak (Wall M0) Fig. 4 Measurement of cracks at peak (Wall M0) 

5 Conclusion  

This paper presented results from an experimental study on the UHPFRC jacketing of RC wall-
type bridge piers. The study demonstrated the effectiveness of the method when applied to a 
well-prepared concrete surface. Insight into the behaviour of the walls was provided by detailed 
DIC measurements which will be used to develop a kinematics-based modelling approach. 
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1 Materials and Methods 

Introduction 
In the framework of the European collaborative project H-House (grant agreement no. 608893) 
self-supporting façade panels were developed as composite elements made of ultra-high-
performance concrete (UHPC) and autoclaved aerated concrete (AAC). On the elements the 
self-cleaning properties of the exposed concrete surfaces are achieved through imprinting a 
microstructure and adding chemical agents on the formwork directly in the casting process [1]. 

Test Series 
Within series of tests, starting with small specimens of 10 x 10 cm² and ending with full-scale 
prototypes of 500 x 300 cm², the manufacturing technology was continuously refined. The 
mixture used was based on the Nanodur® fine mix. It was designed to reach a minimum 
compressive strength of 100 N/mm² [2] and allows to accurately shape very fine structured 
concrete surfaces. 

In a first step, different textural moulds were manufactured and analyzed. To imprint the 
microstructure on the formwork, an acrylic glass sheet was covered with a textile sheet, and the 
freshly mixed melted polymer mass poured into a PVC frame (Figure 1a and b). After 
hardening, the polymer mat was reversed, cleaned and further used as a textural mould for the 
concreting of specimens (Figure 1c). In some tests a hydrophobic or releasing agent was 
applied to the microstructured substrate 20 minutes before concreting. The quality and 
durability of the microstructured concrete surface and the formwork substrate were assessed 
over the course of ten consecutive concrete casts into the same formwork by measurements of 
roughness, hydrophobicity, lightness and porosity. By concreting larger specimens of 
160 x 60 cm² in size (Figure 1d), the impact of the amount and dilution with water of the 
hydrophobing agent as well as its flow behavior and the way of application (spray or brush) on 
the hydrophobicity of the concrete surface was assessed. For this purpose, 11 cores were 
drilled out at different positions of the element and the water contact angle and the roll -off 
angle, i.e. the minimum inclination angle necessary for the water droplet to roll off the surface, 
were measured. 

2 Results 

The best results in terms of hydrophobicity were achieved for a substrate of polyurethane 
rubber (PU), to which 80 g/m² of hydrophobing agent based on silane and siloxane were 
applied, before the concreting. The polymer mats showed an excellent stability over the course 
of ten concrete casts. The produced concrete specimens exhibited consistent superhydrophobic 
and self-cleaning properties, which are characterized by contact angles about 140° and roll-off 
angles around 10° respectively (Table 1). The lightness measured in % referring to a white 
surface as well as the root mean squared roughness of the surface did not show significant 
changes. The proportion of pores measured was always below 0,9 % of the surface area 
assessed, so that the requirements for architectural concrete class 3 [3] are fulfilled. 
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When concreting the larger specimens, the best results were achieved if the lowest amount 
of hydrophobing agent (80 g/m²) was applied undiluted with a roller-brush. When compared to 
the values measured at all the other positions along the specimen the contact angle measured 
below the position of the pouring funnel was slightly reduced, but it was still higher than 140°. 
Correspondingly, the roll-off angle measured below the position of the pouring funnel was 
slightly increased to 16 °. A high dosing of hydrophobing agent lead to bleeding of the material 
at the corners causing visual and mechanical defects. Based on the results of the preliminary 
studies the full-scale prototypes were successfully produced in a concrete pre-cast factory. 

 

Figure 1: Sample preparation. a) microstructured textile sheet, b) pouring of polymer into the textile mould, c) 

pouring of concrete into the textural moulds, d) concreting of large specimen. 

Table 1: Parameters evaluated for substrate (PU) and UHPC over 10 consecutive pours. 

parameter 

 Time step / Component 
unit initial state after 1st concreting after 5th concreting after 10th concreting 

substrate UHPC  substrate UHPC  substrate UHPC  substrate UHPC  
surface roughness μm 19.4 n/a 17.6 25.0 19.4 25.3 20.7 21.5 
contact angle  ° 104.2 n/a 114.3 139.8 126.0 142.9 117.4 138.9 
roll-off angle  ° n/a n/a n/a  8.0 n/a 10.8 n/a 9.2 
lightness % n/a n/a n/a  64.5 n/a 62.9 n/a 64.8 
porosity % n/a n/a n/a  0.76 n/a 0.01 n/a 0.02 

3 Conclusions 

The upscaling process for the manufacturing of microtextured self-cleaning UHPC using textural 
moulds showed that low dosages of the hydrophobing agent, applied on the surface of the 
formwork directly before concrete cast, lead to satisfying results in terms of hydrophobicity and 
homogeneity of the UHPC surface. 
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1 Introduction 

Herein, electrically cured Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) 
incorporated with Carbon Nanotubes (CNTs) (UHPFRC-CNT composite) was investigated to 
provide a compressive strength of ≥ 150 MPa on construction sites as an alternative to steam 
curing. In addition, the self-sensing capability of the composite was examined for applications in 
health monitoring. 

2 Experimental program 

The specimens were composed of a dispersed CNT suspension (50 g of CNTs dispersed in 1 L 
of water), Type I Portland cement, silica fume, silica powder, silica sand, and steel fibres. 0.24 
wt% CNTs were incorporated with the base UHPFRC mixtures instead of water, and two curing 
methods were applied 24 h after specimen casting: steam curing (SC) at 90 °C for 2 d and 
electrical curing (EC) at low voltages of 20–23 V using a power supply for 2 d (Table 1). Cubic-
shaped specimens with volumes of 50 × 50 × 50 mm3 were fabricated for the compressive 
strength test, and two copper plates were embedded into the specimens as electrodes. During 
the curing and compressive strength tests, changes in the specimen resistance were measured 
using an LCR meter. The compressive strength was tested in accordance with ASTM C109. 

 
Table 1: Mix proportion and curing conditions of the specimen (weight percent of cement). 

Table w/c Water 
CNT 

suspension 
Cement 

Silica 
fume 

Silica 
powder 

Silica 
sand 

Super-
plasticizer 

Steel 
fibre 

Curing 
condition 

Ref._SC  

0.24 

0.24 - 

1 0.25 0.35 1.1 0.05 0.17 

SC 

Ref._EC 0.24 - EC 

CNT_SC - 0.24 SC 

CNT_EC - 0.24 EC 

3 Results 

Fig. 1 shows the change in temperature and resistance of the specimens during each curing 
method. For the reference specimen, the resistance was low at approximately 300–400 Ω 
before curing, but it sharply increased after curing to approximately 15,000 Ω using SC and 
2,000 Ω under EC (Fig. 1a and 1b). In particular, the low voltages could not increase the 
temperature of the specimen to 90 °C because of the high resistance (Fig. 1b). In contrast, for 
the specimens containing CNTs, the resistance was not significantly changed and ranged from 
20 to 40 Ω during curing regardless of the curing method (Fig. 1c and 1c). In addition, only low 
voltages of 20–23 V increased the temperature of the specimen to approximately 90 °C within 2 h 
and was maintained during curing. 

Fig. 2 shows the compressive strength and fractional change in resistance (FCR) of the 
UHPFRC-CNT composites. For the specimens containing CNTs, the compressive strength was 
maintained or slightly improved compared to that of the reference specimen, while the FCR 
increased significantly at the time of yield. 
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Figure 1: Change in temperature and resistance during curing: (a) Ref._SC, (b) Ref._EC, (c) CNT_SC, and (d) 

CNT_SC. 
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Figure 2 : Compressive strength and fractional change in resistance (FCR): (a) Ref._SC, (b) CNT_SC, (c) CNT_EC. 

4 Discussion 

For the reference specimen, since the ionic conduction by water was dominant in the resistance 
of the matrix, the resistance significantly increased due to decreasing water content in a given 
volume of matrix as hydration progressed. However, for the specimens containing CNTs, 
because the electronic conduction by CNTs was dominant and the conductive path in the matrix 
was completely constructed, the resistance remained largely unchanged regardless of curing 
method and low voltages were sufficient to increase the matrix temperature. In addition, the 
compressive strength slightly improved owing to the extraordinary mechanical properties of the 
CNTs and the FCR significantly increased at the time of yield. This was sufficient to identify the 
structural status as the constructed conductive path in the matrix by CNTs collapsed. 

5 Conclusions 

CNTs can improve the electrical conductivity of UHPFRC, enabling EC that can produce the 
same effect as SC at only low voltages of 20–23 V. Using this approach, UHPFRC can exhibit 
compressive strengths of ≥ 150 MPa on construction sites an alternative to steam curing which 
is difficult to apply on sites. In addition, UHPFRC-CNT composites can be used as a self-sensor 
for structural health monitoring. 
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1 Motivation 

The durability and aesthetic qualities of High-Performance Concrete (HPC) in combination with 
textile reinforcement make this type of concrete particularly suitable for architectural 
applications (e.g. cladding panels). The growing interest in the use of HPC for architectural 
purposes demands high-quality surfaces, as the front is essential for the perception of the entire 
building. However, facades are permanently exposed to weathering (e.g. rainwater runoff) with 
the impact of weathering (e.g. efflorescence, staining) over time becoming here visible. For the 
preservation of the aesthetic appearance of architectural HPC against weathering, surface 
treatment can be applied. 

Currently, different types of treatments as well as chemical formulations are available on the 
market that differ among others with respect to their mode of action (penetrant – film former). 
However, the random selection and application of surface treatment due to initial cost or 
appearance considerations can result in early failure. Within this study, a combination of 
different test methods will be presented, which later allows to elaborate recommendations for 
the selection and the application of surface treatment in order to avoid misapplication requiring 
expensive and time consuming maintenance work. 

2 Experimental setup 

Materials 
A high strength fine-grained concrete with textile reinforcement was produced using CEM I 42.5 
R, admixtures (silica fume, metakaolin), calcareous aggregates (maximum size 0.8 mm) and a 
water-binder ratio of 0.33 as well as pigments to achieve a dark colouring (brightness L* ~ 40). 
After 28 days of curing, the compressive strength was 110 MPa. The total porosity of the 
investigated HPC was determined using mercury intrusion porosimetry (MIP) showing an 
average pore size of 0.013 µm and a total porosity of about 9% [1]. Two supplied formulations 
were investigated: a water-borne acrylic dispersion with matt finish (film former) and a silane-
based cream (penetrant). 

Methods 

Artificial weathering experiments (alternating cycles of UV light and moisture at elevated 
temperatures) on surface-treated HPC were conducted with the help of the accelerated 
weathering tester Q-Lab QUV spray and analysed by direct and indirect methods. The direct 
methods (scanning electron microscopy, Fourier-transform infrared spectroscopy, X-ray 
diffraction) give access to the formation of efflorescence and degradation of surface treatment, 
while the indirect methods (contact angle measurement, colourimetry) allowed the quantification 
of water-repellent modification and changes in colour of HPC surfaces. Detected changes in 
colour are expressed by the colour difference (ΔE*) with changes that are visible with the naked 
eye amounting to ~ 3. 
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3 Results and discussion 

Both, penetrant and film former led to water-repellent concrete surfaces as observed by contact 
angles for water > 90°. The application of the penetrant was not appreciable (ΔE* ~ 0.5), while 
the application acrylic film was visible with the naked eye (ΔE* ~ 2.7). The experiments 
revealed that HPC surface characteristics (low sorptivity) seem to have influenced the 
performance of the investigated two types of surface treatment. The acrylic film former 
successfully prevented efflorescence formation by acting as a physical barrier (Fig. 1a), while 
the penetrant was not able to prevent water from extracting the calcium-bearing constituents 
most likely due to the small penetration depth of < 0.5 mm (Fig. 1b). This resulted in 
discolouration of surface-treated HPC due to deposition of granular efflorescence crystals 
(calcium carbonate polymorph calcite). 

 
Figure 1: Schematic illustration (not to scale) of (a) efflorescence prevention due to application of film former 

and (b) efflorescence formation in case of HPC surface treated with penetrant [2]. 

 
The artificial weathering experiments revealed that the aesthetic deterioration of HPC surfaces 
treated with the acrylic film former is characterised by the proceeding opacity of the former 
transparent films (ΔE* > 3) and the separation of small pieces of the films from the concrete 
surface (flaking). The time of occurrence as well as the degree of weathering-induced 
degradation of acrylic surface treatment was revealed to be influenced by substrate moisture 
content and application amount.  

4 Conclusion and outlook 

Acrylic surface treatment can be applied to architectural HPC in order to prevent efflorescence 
formation. The combination of the employed test methods can be useful for evaluating the 
performance of other types of surface treatment and formulations in terms of efflorescence 
prevention and weathering resistance. 
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1      Introduction 

The main properties of Ultra-high performance concrete (UHPC) are a high compressive 
strength and a good durability. These are due to the high packing density resulting from a very 
low water-binder ratio and the use of fine reactive components. With regard to thermal 
resistance these properties do not lead to good material performance. This is because of the 
water pressure which could not evaporate due to the dense microstructure. The UHPC fails 
even with steel fibre reinforcement brittle and abruptly [1]. Considering a standard concrete, 
there is no failure due to high temperature as long as its moisture content is less than approx. 
2.5 wt % [2]. With a high ratio of capillary pores, the water vapour can evaporate directly out of 
the structure. In comparison to a standard concrete, the internal vapour pressure of UHPC rises 
faster.  

In [3], a UHPC fine grain mixture M3Q (SPP 1182; [4]) was subjected to thermal stress of up 
to 500°C. The compressive strength of the not adapted mix design of M3Q increased by approx. 
16% at a temperature up to 250°C (good post-treatment method). Above 250°C the UHPC is 
thermally instable.  
Aim of the study 
The aim of this research was to develop an UHPC for the use of backing plates with a thickness 
of 13 to 30 mm and optimized for cyclic, thermal loading. The plates are used in large bakeries 
and have a length/width of up to 2.85/1.25 m. In order to increase the thermal resistance, the 

UHPC was optimized with regenerated cellulose (CR) 
fibres. The CR-fibres shrink under thermal stress and 
leave thin, elongated cavities like capillary pores. The 
water vapour pressure created by thermal stress can 
dissipate and counteract the material failure (Fig. 1).  

2     Material and methods  

The raw materials used for the material development 
have been selected in cooperation with a 
manufacturer of baking plates. In the reference mix 
design of this plant a high w/b ratio ensures the 
thermal stability. This is associated with low 
mechanical properties. Therefore, the packing density 

was optimized and the w/b ratio was reduced. Furthermore, compared to the standard M3Q 
formulation, quartz sand was replaced by limestone and basalt sand (Table 1). The low thermal 
expansion of the basalt sand is supposed to have a positive effect on the heat resistance. The 
risk of a sudden increase in volume due to the transition from alpha to beta quartz was noticed. 
For the investigation of the thermal resistance, the compressive strength according to German 
standard DIN EN 12390-3 on cubes with a length of 50 mm after a temperature load of 500°C 
as well as a heating and cooling rate of 10 K/min has been determined. Furthermore, the 
flexural strength of prisms (40 x 40 x 160 mm3) and plates (30 x 30 mm2) was tested. 

Figure 1: Picture of UHPC specimens after 

thermal treatment (500°C). Failure under 

thermal stress without CR-fibres (back row).  

without CR-fibres 

0,2 vol.-% CR-fibres 
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3     Results 

The results of the compressive strength after 
thermal stress on cubes showed that a fibre 
content of 0.2 vol.-% of the dry mix design is 
sufficient to ensure thermal resistance at 500°C. 
The samples were thermally stable up to a 
temperature of 300°C without CR fibres. Higher 
compressive strengths as the reference backing 
plate were determined by modifying the mixture 
by changing the fibre content (Fig. 2a). In 

contrast to the results of M3Q, it is noticeable that higher compressive strengths are achieved 
after heating up to 500°C. A comparison between the mixtures M3 and M4 shows that an 
increase of the fibre content leads to a reduction of the compressive strength by approx. 18% 
after 500 °C. The flexural strength (Fig. 2b) also showed an increase after 500 °C for all 
mixtures. Only the flexural strength of the M4 mixture decreased, but a higher proportion of CR 
fibres leads to a approx. 22% higher flexural strength without thermal treatment. The grey area 
in Fig. 2b showed the flexural strength of the plates. The reference oven plate and the M5 
mixture without basalt sand 1-3mm were compared. In comparison, the reference oven plate 
had a flexural strength that was approx. 50% lower. After the thermal loading the flexural 
strength of the M13-mixture decreases because of strong bending deformation.  

                            

         

4     Conclusions and outlook 

Based on a UHPC mixture, a baking plate was developed which can resist temperatures up to 
500 °C. By adapting it to the factory conditions, an HPC results, which will be further developed in 
the next step by post-treatment and drying conditions.In addition, the durability of the surface will 
be tested for chemical resistance.  
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Figure 2: a) Results of the compressive strength (7d) compared to the reference mixture and M3Q with fibres 

(28d/90°C). b) Results of the flexural strength of prisms (7d) and plates in grey background (14d). 

a) b) 

Table 1: Compounds of the M2 mixture and their 

amounts in kg/m³ and wt %. 
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1 Introduction, motivation and objectives  

The growing popularity of glass as an architectural element increases the request to use glass 
as a load-bearing structural component. While most common structures behave in a ductile 
manner, glass is charactarised by its very brittle failure mode without any plastic deformation 
(see Fig. 1). In order to design glass structures safer and more predictible, previous research 
projects have investigated on glass composite systems. [1], [2], [3] 

2 Development and construction of glass-composite bending beams 

Objective and constructional design  
By designing hybrid 

glass - UHPC beams, the 
mechanical properties of 
glass and fibre-reinforced 
UHPC are combined in 
order to create an 
improved load-bearing 
behaviour.  

As shown in Figure 2, 
the main objectives are to 
increase the beams’ crack 

load capacity and to provide a residual load capacity after the glass has already cracked. In 
addition, it should be possible to further increase the load after the first crack event has 
occurred. In this way, the load-bearing capacity of the composite beams can be separated from 
the glass quality by offering a reliable capacity against bending tensile failure. 

Test specimens  
The composed beams had a length of 2000 mm and a height of 261 mm. The flanges of the 
beams (45 mm x 50 mm) were made of UHPC with a compression strength of 170 MPa. They 
were reinforced with 9 mm long steel fibres (2% by vol.) as well as a reinforcing bar with a 
diameter of 8 mm (fy = 500 MPa). The web was formed by triple laminated glass (1950 mm x 
190 mm). In each case, two beams were made of conventional float glass as well as of heat 
strengthened glass. To assemble all components, the glass was glued into a manufactured H-
shaped metal profile which could be successfully anchored into the concrete by developing 
“concrete dowels”. 

3 Experimental investigations and modelling 

Test setup and test results 

The composite beams were tested in 4-point-bending tests at the University of Kassel. Besides 
the applied load, the vertical deformation in the load application centrelines as well as horizontal 
deformations in the area of the maximum bending moment on the flanges and on the glass web 
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were measured. The left side of figure 2 shows the load-deformation-curves of both kinds of 
beams, the rigth side shows the cracked beams after testing. 

 

 
 

 

 

 

Figure 2: Test results of heat strenghened and float glass beams (left); cracked beams after testing (right) 

Modeling with method of slices 

As part of an Excel®-based calculation, the cross section of the composite beam is segmented 

into several lamellas. This model is updated with the material properties from preceding 
bonding and material tests. Using this iterative and simple model, the most important 
parameters (crack load, maximum load, residual load capacity) can be successfully verified 
without the need for complex FE-models. Figure 3 compares the test results of a float glass 
beam (left) with the subsequent calculation (right). The crack load is based on the bending 
stiffness of the composite beam, considering the non-linear failure of the concrete element. The 
residual load-bearing capacity can be completely attributed to the properties of the lower flange 
and the lever arm of inner forces-independent of the glass quality. 

 

 
Figure 3: Float glass beams – comparison of test results (left) and modelling (right) 

4 Conclusion and outlook 

The results of the experimental investigations are: 

· the developed bond construction enables the transfer of high bond forces,  

· the composite beams of glass and UHPC possesed a high crack load capacity as well as 
increasing load bearing capacity after cracking of the glass web, 

· the steel fibre reinforced UHPC-flanges allow a ductile behaviour of the composite beam 
and therefore, 

· composite beams of glass and UHPC show a signalised failure. 
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1 Research Question and Methods 

Motivation 

Extrusion is an additive manufacturing technique in which a component is built up layer by layer 
from concrete strands. The extrusion of lightweight concrete poses material challenges due to 
the contradictory requirements of pumpability and buildability. Buildability is thereby defined as 
the ability of a deposited material strand to maintain its shape without deformation under 
increasing load [1]. This short paper aims to analyse the use of polymer based thixotropy 
enhancing agents (TEA) in lightweight concrete to improve pumpability and buildability. 

Materials and Test Setup 
The lightweight concrete consists of OPC, lightweight aggregate (0.1 mm to 2 mm expanded 
glass granulates), 10 V.-% limestone and a w/b-ratio of 0.56, including the water absorbed by 
the porous glass granulates. Two chemically distinct TEA on polymer basis are added at a 
dosage of 0.8 g/l water and compared to the reference without TEA. TEA 1 is a synthetic co-
polymer and TEA 2 a sphingan. Furthermore, a PCE is used to achieve a comparable yield 
stress of all concretes. The investigations are based on a combination of pumpability and 
buildability tests. The pumpability is investigated in a progressive cavity pump at a hose length 
of 5 m and diameter of 25 mm. Simultaneously, dynamic rheological experiments are carried 
out with a six-bladed vane-in-cup rheometer and evaluated by Herschel-Bulkley. For buildability, 
static rheological experiments with vane-in-cup to determine the evolution of static yield stress 
over time of the concrete were carried out. Finally, the buildability was verified by 3D-printing of 
a cylindrical geometry in order to evaluate the maximum achievable vertical building rate, i.e. 
the maximum number of layers per time unit. 

2 Effect of Thixotropy Enhancing Agents on Pumpability and Buildability 

Pumpability 
At constant pumping frequency of 7.2 Hz the addition of TEA to the lightweight concrete leads 
to an increased flow rate. Furthermore, TEA1 induces a lowered change of temperature and 
density during pumping, see table 1. Up to shear rates of 100 s-1 the apparent viscosity of the 
mixtures decreases with increasing shear rate. Above 100 s-1 the mixtures with TEA show a 
shear thickening behavior. It can be found in literature, that a material with a Herschel-Bulkley 
flow index above 1 might exhibit shear thinning behavior for low shear rates, followed by a 
shear thickening behaviour at higher shear rates [2]. Assuming that the shear rate for pumping 
with the progressive cavity pump lies in the range of 10-50 s-1, the apparent viscosity of the 
mixtures correlates with their pumpability. The pumpability enhances with decreasing apparent 
viscosity (increasing thixotropic behaviour). This is in line with the findings in [3]. The 
pumpability of the three mixtures is comparable, with TEA1 being the easiest to pump. 

Buildability 

Based on the static rheological measurements, figure 1 shows the development of the static 
yield stress of the mixture without TEA and the mixtures with TEA as a function of time at rest. It 
can be seen that the increase in static yield stress is predominant within the first 5 minutes at 
rest. Afterwards there is just a further slight increase, whereby this can be approximated with a 
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smaller gradient using a separate linear equation. TEA1 shows the highest structural build-up 
rate followed by TEA2. The yield stress over time on the first (lowest) layer is calculated on 
basis of structural build-up and static yield stress. The comparison of this value with the stress 
applied by the subsequent layers over time, leads to the number of layers that can theoretically 
be printed before plastic failure occurs (see [4,5]). 
Table 1: Pumping properties of selected mixtures. 

Mixture 
Change in 

temperature 
Flow 
rate 

Change in 
density 

Mean Yield 
stress 

Mean Apparent 
Viscosity at =25 s-1 

Mean Flow 
index 

 [°C] [kg/min] [%] [Pa] [Pas] [-] 

without TEA 3.5 2.2 7 226 11.2 0.8 

TEA 1 2.4 3.3 3 171 8.9 1.5 

TEA 2 4.9 3.2 11 262 10.9 2.1 

 
Assuming a layer height of 15 mm and a 
vertical printing speed of one layer per 
minute, the failure is calculated to occur at 
6 layers without TEA and 12 layers with 
TEA1. In verification tests an even more 
pronounced influence of the TEA was 
recognized: without TEA the structure 
failed as expected, while with TEA1 no 
collapse occurred even up to 40 layers. 
Therefore, due to addition of TEA the 
green strength development of the 
material seems to increase although the 
static yield stress development is only 
slightly different. This might be due to the 
water retention effect of the TEA. 

3 Conclusions 

The use of thixotropy enhancing agents allows the development of well pumpable mixtures with 
higher green strength than the reference material. However, the calculation of the number of 
printable layers directly on basis of the lightweight concrete properties leads to an 
underestimation of the mixtures with TEA. It is therefore necessary to investigate the effect of 
TEA on lightweight concrete under pressure more closely in further investigations and to 
develop a better estimate for the buildability of lightweight structures. 
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Figure 1: Increase in static yield stress at time at rest as a 

measure of structural build-up with and without TEA 
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1 Introduction 

In a concrete system, there can be several types of particles in an aqueous environment. The 
two most commonly researched particle systems are cement and silica. Without the addition of 
polymeric additives or superplasticizers, a significant amount of water is required to disperse 
cement and silica and therefore turn the mixture from solid particle agglomerations to a fluid 
state. Superplasticizers provide dispersion to cement through two primary mechanisms: 
electrostatic repulsion and steric hindrance. Cement particles possess a positive charge, 
causing the particles to be electrostatically repulsed and the long polymer chains provide a 
physical barrier to agglomeration. These two mechanisms in tandem provide a strong 
dispersion of cement particles, allowing for a maximum amount of surface area to be available 
for reaction.[1] 

These same commercially available superplasticizers not only work ineff iciently in the 
process of dispersing colloidal nanosilica (NS), they can also have an adverse effect on the 
dispersion of NS. There are two main reasons these superplasticizers do not work with NS. 
First, the superplasticizers are tailored to adsorb to positively charged cement particles. The 
anionic backbone, typically a modified polycarboxylate, adsorbs to the positive cement surface, 
with the cationic or nonionic side chains perpendicular to the surface. The NS has a negative 
surface charge which repulses the anionic backbone and can attract the side chains. Secondly, 
these long polymer chains can interact with multiple NS particles, causing permanent 
agglomeration. Therefore, the use of compatible polymers is essential for the dispersion of NS. 
It is hypothesized that the introduction of well-dispersed NS will further densify the 
microstructure of ultra-high performance concrete (UHPC) and thus further enhance the 
mechanical and durability properties. 

2 Polymers & Nanosilica Investigated 

The exact polymeric composition and structure of commercially available superplasticizers is 
not publicly available but the main polymer components are polyacrylic acid (PAA), 
polyethylene glycol (PEG), and PEG methyl ether (mPEG). In order to better understand the 
interaction of superplasticizers with NS, simple low molecular weight polymers were added to 
colloidal NS sols.  

The polymers investigated in this study were PAA, PEG, mPEG, poly(acrylic acid-co-maleic 
acid) (PAACOM), poly(acrylic acid sodium salt) (PAANa), poly(vinylpyrrolidone) (PVP), and 
poly(N-isopropylacrylamide) (PNIPAM). The amount of polymer was varied from 10% to 200%. 
The percentage of polymer is proportional to the solid content of NS. For example, 100% 
polymer corresponds to a 1:1 ratio of the solid content of NS to the solid content of the polymer. 
In addition to these simple polymers, a commercially available superplasticizer, was used for 
comparison.  

Six types of NS sols were investigated. These sols varied in size, solid content, pH, and 
stabilizing ion. The three NS sols referenced in this work are NS20Na, NS5Am, and NS20Al 
with an average particle size of 20 nm, 5 nm, and 20 nm, respectively, as supplied by the 
manufacturer. A Zetasizer Nano ZS was used to measure the particle size distribution and the 
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zeta potential (ZP) with the dip cell accessory. Dynamic light scattering (DLS) and ZP provide a 
quantitative analysis of the dispersion state of colloidal NS.  

The dispersion of NS in concrete is difficult to measure and quantify. Therefore, these 
particles were added to a synthetic pore solution (PS) that represents the chemistry and ionic 
concentration of UHPC. This allowed for isolated quantitative measurements using DLS and 
ZP.[2] 

3 Results 

The addition of polymers to NS increased the apparent size due to adsorption. The apparent 
size was dependent on the type of polymer, the amount of polymer, the type of NS, and the pH. 
Increasing amounts of polymer or a higher molecular weight polymer increased the apparent 
size. The apparent size was often directly correlated to the zeta potential. 

Two types of polymers (PAA, PEG) and three types of NS (NS20Na, NS5Am, NS20Al) will 
be discussed in more detail. The results from the other polymer and NS combinations will be 
provided outside the framework of this paper.  

The addition of PAA resulted in the agglomeration of NS20Al but did not significantly affect 
the dispersion of NS20Na and NS5Am. The apparent size of these two was increased by about 
15% and the magnitude of zeta potential was reduced by about 60%. While this may seem 
detrimental initially, upon the addition of PS, the average size remained consistent. At the full 
strength of PS, both NS20Na and NS5Am were dispersed, with an average size of 35.8 nm (SD 
= 0.2) and 16.9 nm (SD = 0.4), respectively. The zeta potential was -0.2 mV (SD = 3.1) and -4.5 
mV (SD = 0.6), respectively. The PAA concentration for both of these samples was 100% and 
the pH was 4.0. In this high ionic concentration medium, the NS was only temporarily stabilized, 
as all samples sedimented within 12 hours. One reason the NS stays stabilized at low pH is 
because the polymer remains in a tightly coiled conformation, whereas at higher pH, the 
polymer chain unravels and stands perpendicular from the surface. When the polymer is 
standing out from the surface, this pushes the electrical double layer farther from the surface, 
reducing the zeta potential and increasing susceptibility to agglomeration by calcium ions.[3] 

On the contrary to PAA, the addition of PEG was beneficial for NS20Al. The apparent size 
increased by about 10% and the zeta potential decreased by about 30%. Upon the addition of 
PS, the average size increased to 37.8 nm (SD = 0.6) and the zeta potential decreased to 27.7 
mV (SD = 1.1). The difference between the polymer:NS combinations is due to the dif ference in 
surface charge and stabilizing ion. PAA is weakly anionic while PEG is nonionic.  

4 Conclusion 

Due to the high surface area to volume of NS, it is necessary to achieve a uniform dispersion of 
particles to enhance the particle packing of UHPC. This dispersion can be improved with the 
use of simple low molecular weight polymers. PAA seems to be a promising polymer for the use 
with NS in UHPC, however the surface characteristics of the NS and pH play an important role 
in determining the overall stability of particles in a high pH, high ionic concentration 
environment.  
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1 Introduction 

Applicators often report about a sticky and cohesive consistency of concretes prepared at low 
water to cement ratios ≤ 0.30. Even though those concretes can be highly fluidized with 
polycarboxylate superplasticizers (PCEs), they often exhibit a creeping flow behavior which 
impedes a fast placement on the job site. Such a rheology is highly disadvantageous for the 
processing (pumping, placing etc.) as it often leads to an incomplete filling of the formwork and 
hence to defects of the hardened concrete structure. Mechanistic studies revealed that the low 
flow speed of those concretes particularly originates from a high plastic viscosity of the lime 
phase [1, 2]. Unfortunately, the plastic viscosity cannot be substantially reduced by 
conventional PCEs, which is why new approaches have to be found, how the rheological 
properties can be improved. This paper aims to present recent advances and strategies that are 
currently discussed for lowering the sticky consistency of concretes at low w/c ratios.    

2 Phosphate-group modified superplasticizers 

One promising concept to improve the flow speed of concrete is to introduce highly negative 
phosphate groups into the PCE polymers. The chemical structures of such novel 
superplasticizers are illustrated in Figure 1. Recently, phosphated phenolethoxlyates (a) were 
brought on the market, which are synthesized by polycondensation from phenolethoxylate, a 
phenol ethoxy phosphate ester, phenol and formaldehyde. Thus, a polymer is obtained with a 
polyaromatic backbone holding polyethylene glycol side chains and phosphate ester groups. An 
alternative product is a polymer prepared by aqueous free radical copolymerization of 
hydroxyethylmethacrylate phosphate ester (HEMAP), methacylic acid and a polyethylene glycol 
methacrylate ester (b) [3]. It was found that such phosphated polymers exhibit a high dispersing 
capability and an excellent robustness in the presence of sulfates and other chemical additives. 
However, the most striking feature is their ability to enhance the flow speed of concrete and to 
reduce the stickiness at low w/c ratios. This can be attributed to their high adsorption affinity 
and the high hydrophilic character of the trunk chain resulting from the phosphate groups which 
effectuate a low plastic viscosity. Contrary to common PCEs, the phosphated polymers affect 
the yield stress as well as the plastic viscosity of the lime phase. 

 
Figure 1: Chemical structures of phosphate-group bearing superplasticizers: (a) phosphated phenolethoxylate 

(polyarylether-based polymer) and (b) methacrylate-ester PCE exhibiting phosphate anchor groups.   
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3 Non-ionic small molecules as flow enhancers 

Even simple blends of non-ionic small molecules like diethylene glycol with conventional PCEs 
can be used to improve the rheological properties. As can be seen from Figure 2, the effect of 
such auxiliary dispersants is particularly strong at very low w/c ratios (e.g. 0.22) where the 
cement particles are densely packed and the pore space becomes quite limited. However, the 
non-ionic co-dispersants not only increase the spread flow, but also enhance the flow speed as 
was confirmed by much faster V-funnel empty times of mortars exhibiting the same spread flow 
value [4]. Interestingly, the non-ionic molecules do not produce any fluidity when individually 
admixed to the cement and only work in combination with a PCE superplasticizer. 

 
Figure 2: Effect of diethylene glycol as auxiliary dispersant on the spread flow of cement pastes and the V-

funnel empty time of mortars at low w/c ratios.  

The fluidizing effect of the co-dispersants can be explained by an osmotic spacer effect. 
Adsorption measurements have shown that the non-ionic molecules remain freely dissolved in 
the interstitial pore solution where they induce repulsive depletion forces, thus hindering the 
cement grains from flocculation. Otherwise, some parts of the pore solution would be depleted 
from the non-ionic molecules, which is energetically unfavourable and therefore avoided. 
Furthermore, it is assumed that such non-ionic co-dispersants create a lubricating layer around 
the particles and hence reduce the friction during flow.  
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1 Introduction 

Application of non-metallic rebars in HPC and UHPC is advantageous e.g. to achieve structural 
members with ultra-high durability in corrosive environment and maritime regions, as it 
combines the high performance of HPC and UHPC with the non-corrosive properties of non-
metallic rebars. Using HPC and UHPC, it can be presumed that the interface bond strength 
between FRP rebar and concrete increases compared to normal strength concrete. Existing 
pullout tests on embedded FRP rebars in normal strength concrete show, however, that the 
bond failure mode can change from debonding in the concrete interface to delamination of rebar 
ribs or internal delamination depending on the concrete strength [1], [2]. 

To evaluate the above-mentioned effects on the bond behaviour of embedded FRP rebars 
such as basalt fibre and glass fibre reinforced polymers (BFRP, GFRP) is evaluated using 
pull-out tests. The influence of concrete strength (HPC and UHPC) and bond length (2ϕ and 3ϕ) 
of embedded FRP rebars are investigated in comparison to conventional reinforcement (B500). 

2 Experimental Programme 

Rebars with a diameter ϕ = 10 mm are used in the investigations (Table 1). The ribs of the FRP 
rebars were produced by winding of a tape, which was unwinded after the curing process of 
matrix. Two concrete mixtures HPC and UHPC are implemented with mean concrete 
compressive strength values of fcm = 82.4 N/mm² and fcm = 136.7 N/mm², respectively. 32 pull-
out tests are performed in eight series on specimens with different rebar types (Figure 1, left) 
and two bond lengths 2ϕ = 20 mm (L1) and 3ϕ = 30 mm (L2). The test setup and the specimen 
designations are illustrated in Figure 1 (middle and right).  
 

Table 1: Mechanical properties of evaluated rebars. 

Rebar type  BFRP rebar (B) GFRP Rebar (G) B500 (S) 

Young’s modulus N/mm² 53,190 50,687 208,900 

Tensile strength fu N/mm² 1,313.25 1,311.30 625.17 

Ultimate tensile strain εu ‰ 33.84 34.44 30.68 

Specific rib area fR - 0.074 0.080 0.071 

 

 

Specimen  No. rebar type bond 
length 

HPC-L1-B 4 BFRP 2ϕ 

HPC-L1-G 4 GFRP 2ϕ 

HPC-L1-S 4 Steel 2ϕ 

HPC-L2-B 4 BFRP 3ϕ 

HPC-L2-G 4 GFRP 3ϕ 

UHPC-L1-B 4 BFRP 2ϕ 

UHPC-L1-G 4 GFRP 2ϕ 

UHPC-L1-S 4 Steel 2ϕ 
 

Figure 1: Evaluated rebars (left), experimental setup (middle) and overview of specimen designations (right) 
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3 Results and Discussion 

The bond-slip behaviour for test specimens with embedded rebars in HPC and the bond length 
L1 is shown in Fig. 2.  

 
Figure 2: Bond-slip curve of embedded BFRP rebar (left), GFRP rebar (middle) and steel rebar (right) 

For HPC-L1-B and HPC-L1-G, the failure happened as successive delamination of ribs, 
which occurred at the peak load levels with the corresponding mean bond strength values of 
τm = 14.3 N/mm² and τm = 19.9 N/mm², respectively. For steel rebars (HPC-L1-S), a higher 
mean bond strength of 44.3 N/mm² was reached, with the bond failure occurring in the concrete 
interface. During the tests, increasing the bond length of BFRP and GFRP rebars caused higher 
ultimate loads. This increase is, less than proportional to the increase of bond surface area for 
BFRP causing a lower bond strength τm = 11,1 N/mm² (Fig. 3, left) and proportional in case of 
GFRP rebars probably due to the slightly higher fR (Fig. 3, middle). Fig. 3 also shows that the 
increased concrete strength of UHPC has no significant influence on the bond strength of BFRP 
and GFRP rebars. For steel reinforcement, the bond strength increases for UHPC specimens to 
τm = 66.3 N/mm² with the bond failure occurring at concrete interface (Fig. 3, right).  

 
Figure 3: Correlation between bond length and bond strength for BFRP (left), GFRP (middle) and B500 (right)  

4 Conclusion 

The different bond behaviour of non-metallic rebars and steel rebars in HPC and UHPC was 
investigated. Based on the experiments, it was shown that for conventional steel rebars, the 
bond strength increases with increasing concrete strength. The bond strength of FRP rebars 
was almost not affected by an increase in the bond length or concrete compressive strength as 
delamination of ribs is the decisive bond failure mode for the investigated FRP rebars.  
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1 Introduction 

Especially with Ultra-High Performance Concrete (UHPC), fibre reinforcement is a common 
method to enhance tensile and flexural strengths as well as to introduce a more pseudo ductile 
cracking behaviour of the material [1, 2]. The use of microfibres made of shape memory alloys 
(SMA) presents a new and innovative type of fibre reinforcement. Shape memory alloys have 
the ability to transform into an imprinted geometry due to a temperature and stress dependent 
phase transformation from martensite to austenite [3]. 

This “smart” material behaviour allows an advanced and functional type of fibre 
reinforcement that leads to more options and possibilities for construction. In contrast to these 
options and possibilities, there are also challenges to overcome, ensuring an effective usage of 
the material. 

Aim of the study 

This work will present two possible functionalities of shape memory alloy fibres in UHPC. These 
are on the one hand the enhancement of rheology of fibre reinforced fresh UHPC (Figure 1) and 
on the other hand the internal prestressing of UHPC by contraction of the fibres due to the 
shape memory effect of prestretched SMA fibres that transfers a compression stress by the 
bond between fibre and cementitious matrix onto the concrete.  

 

Challenges 

For both methods several challenges 
have been detected and have to be 
solved. In case of workability optimisation, 
an effective shape of the fibres has to be 
identified. This shape must fulfil several 
requirements. This study focuses on 
viscosity optimisation of fresh UHPC due 
to fibre shape modification. To get a better 
insight into the material behaviour, tests 
were done with fresh UHPC and 
additionally with a transparent silicon oil 

that has similar flow characteristics (plastic viscosity) compared to fresh UHPC [4].  
In case of the prestressing method, the bonding and interfacial transition zone between fibre 

and cementitious matrix is an essential factor as the complete stress is transferred by bond. 

2 Material and methods 

A standard mixture based on the mixture M3Q known quite well from former investigations 
(SPP 1182; [5]) is used for all measurements. The used SMA fibres were made of nickel and 
titanium (NiTi). 

For the rheology optimisation plastic viscosity was measured via rotation rheometer for 
UHPC mixtures and silicon oil with similar flow characteristics containing circular fibres. For the 
internal prestressing, fibre pullout tests with different SMA fibres were carried out and maximum 

Figure 1: High-volume fibre-reinforced UHPC with low 

viscosity using SMA-microfibres.  
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bond stress was compared to regularly used steel fibres. Therefore, these results do not show 
the prestress itself, but discuss the suitability of the SMA material for this method. 

3 Results and discussion 

The results regarding rheology show that a circular geometry of the fibres decrease the 
viscosity of fresh UHPC compared to straight fibres (Figure 2a and b). The viscosity of fresh 
UHPC containing circular fibres is about 33% lower than the mixture containing straight fibres. 
Therefore, the workability is improved. In silicon oil, the effect of the circular shape is less 
pronounced compared to UHPC (Figure 2c). Furthermore, the circular fibres sedimented much 
faster than the straight fibres.  

The fibre pullout tests have shown that NiTi fibres have a much lower bonding stress than 
regular used coated and uncoated steel fibres (Figure 2c), indicating worse mechanical 
properties of fibre reinforced UHPC compared to steel fibres. Furthermore, the transfer of the 
compression stress that should induce the prestress, could be critical due to the low bonding 
strength. 
 

 
Figure 2: a) Normalised viscosity of fresh UHPC (black graphs) and silicon oil (grey graphs) containing 2 % by 

volume of straight (squares) and circular fibres (circles). b) Trend lines of the graphs in a). c) Results of the 

fibre pullout tests [4]. 

4 Outlook 

To counteract the problems mentioned above, further research with regard to fibre 
sedimentation and distribution will be done using µ-CT measurements. In addition, fibre-shape 
transformation in UHPC will be investigated. Furthermore, surface treatment of the NiTi fibres 
as well as changes in matrix composition will be examined to enhance the bonding strength 
between fibre and UHPC. 
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1 Introduction 

In ultra-high-performance concrete (UHPC) using steel fibers, slip-hardening behavior is hard to 
be seen because the micro hardness of the steel fiber is too high to be damaged by the matrix. 
Therefore, we tried to change the factors that affect the interfacial properties between the fiber 
and the matrix, by treating the surface of steel fiber with abrasive paper. 

In this study, abrasive papers with five different grits (120, 220, 320, 400, 800) were used to 
treat the fiber with two sanding direction i.e., parallel and perpendicular to the fiber axis. Treated 
fibers were embedded in the UHPC mixture with a compressive strength of 190.2 MPa. Quasi-
static fiber pullout tests were conducted and surface roughness was evaluated using scanning 
electron microscope (SEM) and atomic force microscope (AFM) images. 

2 Test results 

Surface roughness analysis 

After the sanding treatment, the surface roughness of the fiber was evaluated quantitively and 
qualitively using AFM and SEM, respectively. As a result, Ra, the arithmetical mean value of the 
height profiles within the measured area, was used to understand how roughness affects the 
bonding and bridging of the fibers. The increase of Ra varied from 1.5% to 157.9%, representing 
that the sanding treatment evidently has the effect of improving the surface roughness. In both 
fibers treated parallel and perpendicularly, the roughness increased when the smaller grit of the 
abrasive paper was used. 

The average bond strength between the fiber and the matrix are calculated under the 
assumption that the bond stress is evenly distributed throughout the whole contact area, as 
follows. 

τav = Pmax / π·df·Le (1) 

Herein, τav is average bond strength, Pmax is maximum pullout load, df is fiber diameter, and Le is 
embedment length. 

There was a clear correlation between the average bond strength and the surface roughness 
where the coefficient of determination was found to be 0.8319. The mechanism of the pullout 
behavior of steel fiber can be largely classified into two kinds: chemical adhesion and frictional 
shear resistance. Since the surface treatment increased the coefficient of friction as well as the 
surface roughness, it consequently inflates the frictional shear resistance. Unlike the pullout 
behavior of deformed fibers where the matrix breaks up due to the tremendous anchorage 
force, surface treatment on fibers are simply to improve the frictional shear resistance and 
therefore, it is expected that this improvement will be maintained in the composites behavior as 
well. 

Fiber pullout test 

From the pullout load versus slip curves, the slope of the curve after the debonding point 
eventually determines the slip behavior. In the case of plain fiber, the pullout load decreases 
linearly to the end of the embedment length due to the reduced bonding area. However, as 
shown in the Fig. 1, some sanded fibers exhibited distinctive slip hardening behavior which has 
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a clear ascending curve after the chemical debonding phase. It is very similar to the pullout 
behavior of PVA fiber within ECC, which is well-known for its outstanding strain hardening. The 
bridging of the fiber is not deteriorated despite of the reduced bonding area. The traces formed 
by the abrasive particles created uneven surface and it weaken the surface hardness. Thus, 
uneven exterior can be easily delaminated by the surrounding UHPC matrix and generate 
debris made of brass coating. These byproducts constrict the fiber and increase the frictional 
resistance. It is more remarkable from the perpendicularly sanded fibers compare to the parallel 
sanded fibers, where the traces act as canals allowing the byproducts to move relatively easily. 

 
Figure 1: Pullout load versus Slip curves of (a) parallel treated and (b) perpendicularly treated fiber 
 

The weakened surface and the delamination of brass coating can be explained with the 
difference of Ra after the pullout test. Ra of the plain fiber increased about 10% during the fiber 
pullout, whereas that of the V800, which exhibited the most distinct slip hardening behavior, 
decreased about 32%. 

3 Conclusions 

As an effort to make difference in interfacial properties between the fiber and the UHPC matrix, 
a surface treatment was applied to the conventional steel fibers. Based on the pullout test 
results and AFM analysis, following conclusions are drawn. 
1. The sanding treatment was effective in increasing the surface roughness as well as 

enhancing the bond strength of the steel fibers. In general, larger grit of abrasive paper led to 
smaller improvement of average bond strength. 

2. Because of the weakened surface hardness, byproducts were generated from the pullout 
process and they constricted the fiber to increase the shear resistance. As a result, surface 
treated fiber exhibited the slip hardening behavior and it was more pronounced when the 
sanding treatment was processed perpendicular to the fiber axis, and abrasive paper with 
higher grit was used.  
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1 Background 

In the 1980’s, the laboratories of Aalborg Portland A/S in Denmark, now the Research and 
Quality Centre for the Cementir Group, conducted pioneering research to develop very dense 
cement based binder-matrices. These efforts based on AALBORG WHITE® portland cement 
resulted in the first ever patented ultra-high performance steel fibre reinforced concrete –
Compact Reinforced Composite, CRC® [1].  

The technology and know-how from those findings, form still the basis for most modern HPC 
and UHPC mixtures. In spite of the mixture technology being almost 40 years old, it has 
changed little from the original recipes based on silica fume and quartz flours.  

Unfortunately, it took decades before the construction market would begin realizing the 
advantages offered by fibre reinforced high and ultra high performance concrete, including its 
potential for highly efficient material optimization, provided excellent strength to mass ratios. 
Properly designed and installed UHPC building elements yield high energy efficiency, great 
resilience and durability, and are low maintenance. However, together with the growth in 
demand, some of the main challenges related to the technology and its complexity, become 
increasingly apparent, such as sourceability of the key ingredient, silica fume in terms of 
availability, price and quality, fresh concrete properties, such as fast loss of workability, and 
hardening properties, such as strong retardation and increased shrinkage. 

2 Re-engineering HPC and UHPC binder technology 

Sustainable HPC and UHPC binder technology 

An Innovation Team in Cementir Group is further developing the very complex binder 
technology behind High and Ultra High Performance Concrete. The solution is based on a 
further refinement of Cementir Holdings recently patented sustainable binder technology, 
FUTURECEMTM, which combines Portland cement clinker and supplementary cementitious 
materials derived from heat-treated aluminosilicate materials, and limestone[2]. The formulation 
does not include the use of scarce natural materials or waste materials from other industries 
which can be subject to volatile swings in quality, availability and cost. Furthermore, heat curing 
is not necessary for a succesful use of this technology. 

Predictable and Reliable Performance 

A successfull implementation of a technology assumes that what can be designed, mixed and 
manufactured in small specimens under laboratory conditions becomes transferrable to the 
conditions applicable to a full-scale production facility, where completely new requirements 
become decisive for the quality of the placed concrete in the final structure/element. A couple of 
examples of typical challenges are, ensuring a proper open time of the fluid UHPC mix to 
enable a controlled casting operation, and minimizing shrinkage potentially leading to cracks. 

The challenges above require, among many others, an extensive investment and 
commitment to develop and document the properties of workable mixes, building up suitable 
quality control systems, knowhow, casting techniques, etc. Such challenges may seem a 
substantial mouthful to some manufacturers wanting to explore the possibilities of such a 
unique material.  To support and sustain the increased demand for HPC/UHPC solutions, 
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Cementir Group has launched commercial UHPC ready to use, premixed products (see Table 1 
for properties of AALBORG EXTREMETM Light120) based on this sustainable and reliable 
binder technology. These self-compacting products can be combined with fibres depending on 
the application served.      

Table 1: Some key poroperties of AALBORG EXTREMETM Light 120 

Table  
AALBORG EXTREMETM 

Light 120 

Aggreate size  mm <3 

Flow (EN-206) 
Flow (ASTM C230/C1437-15) 
Hydraulic shrinkage 
Compressive Strength (EN 12390-3) 
E-modulus (EN 12390-13) 
Flexural Strength (EN 12390-5) 
Splitting Tensile Strength (EN 12390-6) 
Durability 

Chloride Migration Coefficient  (NT Build 492) 
Freeze/Thaw Resistance – Scaling (EN 12390-9) 

Water absorption, EN 1015-18 
Oxygen Permeability (UNE 83981) 

Carbonation Rate (UNE EN 13295) 

mm 
cm 

µm/m 
MPa 
GPa 
MPa 
MPa 

 
x10-12 m2/s 

kg/m2 
kg/(m2min0.5) 

m2 
mm/day0.5 

>900 
29±2 (initial and at 45´) 

<600 
1D: >75 / 28D: >120 

50 
>14 
12 

 
28D: 0.35 / 56D: 0.27 

0.00 
<0.02 

<2x10-21 
0 (at 1 and 3% CO2) 

 
An obvious advantage of the binder technology results from the high flexural and tensile 
strength obtained at any given compressive strength. This becomes even further improved 
upon combination with suitable selection of fibre types and dosages. 

A binder technology linked to the framework of the EN standards 

The composition of the binder used in AALBORG EXTREMETM Light 120 fulfills the chemical 
requirements of a CEM II/B-M (Q-LL) according to EN 197-1, including a total SO3 content 
lower than 3.5% suitable for all strength class nominations. The chloride content of the 
premixed concrete is less than 0.09 wt%, possing thereby no limit in respect to combination with 
standard reinforcement steel solutions.  

3 Conclusions  

Regardless of a HPC or UHPC mixture’s makeup to be commercially viable, the technology 
must solve the persistent placement and workability issues these materials commonly 
experience today, such as flow retention and rheology. Following the binder technology 
principles in Cementir Goup´s patented FUTURECEMTM, the Group has recently developed, 
tested and commercialized sustainable UHPC products which provide a safe and reliable 
solution to the issues mentioned above, which is based on AALBORG WHITE® cement, 
limestone and calcined clay.  
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1 Introduction 

Concrete is one of the most widely used construction material in spite of some inherent  
drawbacks such as brittleness, weak in tension, etc. and Portland land cement (OPC) is an 
important binding material in concrete. Portland cement manufacture emits huge amount of CO2 
gas. High rise buildings demand the use of high performance concrete (HPC) and ultra-
high strength concrete(UHSC) in construction work as they lead to reduction in the size 
of structural elements and silica fume is the key ingredient of HPC and UHSC [1]. Recently it is 
found that Alccofine powder (AF) is a better substitute for silica fume but its action in cement is 
not understood well [2]. Alccofine powder (ultra fine slag) is a micro fine material obtained from 
low calcium silicate slag. When AF  is mixed with OPC, properties are changed. Experiments 
were carried out with addition of 1, 3 and 5 mass % AF in OPC. Water consistency, setting time 
and compressive strengths were determined. Mechanism of action of AF during the hydration of 
OPC is discussed.  

2 Materials and Experiments 

The chemical compositions of Portland cement and Alccofine used in this paper are given in 
Table 1. 
 
Table 1 Composition 

Materials SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 

Portland cement 20.50 5.05 2.99 62.00 2.07 0.48 0.09 2.40 3.10 
Alccofine 96.10 0.52 0.70 0.21 0.48 0.31 0.49 0.10 1.14 

 
AF is a specially processed product based on slag of high glass content with high reactivity 

obtained through the process of controlled granulation [2]. It is amorphous in nature and X-ray 
diffraction pattern and SEM picture are shown in Fig. 1. 

 
Figure 1: X-ray diffraction pattern and SEM picture of Alccofine 
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OPC was mixed with 0, 1, 3 and 5 wt% AF and pastes were prepared by adding water with 
W/S=0.33. Initial and final setting times were measured with Vicat apparatus. Hydrations were 
stopped at 3 and 7 days of hydration and non-evaporable water contents were determined by 
heating 1.0g hydrated samples at 1000 oC.  

Rate of heat evolution (w/s=0.5) was determined at 27 0C with Calmetrix ICL 8000 isothermal 
calorimeter. After vibrating the samples for 30 s in order to have a homogeneous mixing, the 
samples were placed in the calorimeter chamber. In each case 2 g samples were taken.  

OPC pastes containing 0, 1, 3 and 5% AF with a w/s=0.33 were made and kept in moulds of 
size 7.5 x 7.5 x 7.5 cm3. The pastes in the  moulds were vibrated with vibrating machine for 2 
minutes with RPM 12000±400. The cubes were then demoulded after 12 hours and kept in 
water till measurements were made (1, 3 and 7 days). The compressive strengths were 
determined with a compressive strength testing machine. Each value was and average of three 
measurements. 

3 Results and Discussion 

Results showed that setting time decreased with addition of AF. Non-evaporable water contents 
which is related to degree of hydration also decreased with increase of AF both at 3 and 7 days 
of hydration.This indicated that there is a very little role of AF in the hydration process and the 
decrease may be due to dilution effect. Rate of heat evolution also decreased with increase of 
AF content (Fig.2). This supports the results of non-evaporable water contents. 

             
Figure 2 Rate of heat evolution    Figure 3 Compressive strength 

However compressive strengths increased at all the days (Fig.3) and the values increased 
with concentration of AF. This indicates that AF being a fine powder fills the pores and makes 
the structure compact. Further there may be morphological changes also. Detailed 
investigations are needed. 

4 Conclusions  

Results showed that AF decreases the setting time. AF improved the pore structure and 
enhanced the compressive strength at all the concentrations and all the times. So AF may be 
an alternative material for enhancing the strength of cement and concrete. 
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1 Background  

In Sweden, there are approximately 16 000 road bridges with an average age of around 50 
years old [1]; with a long coastal line and harsh winters, most of these structures often 
experience premature degradation due to combined effects of frost action and chloride induced 
corrosion. 

State-of-the-art maintenance and repair solutions rely on the application of polymer-based 
cementitious materials, conventional reinforced concrete and hydrophobic surface treatments. 
These solutions bring a series of problems associated with durability of conventional reinforced 
concrete and its compatibility with polymer-based systems, and environmental aspects related 
to the impregnations.  

The application of ultra-high performance fibre reinforced concrete (UHPFRC) for repair and 
strengthening of reinforced concrete structures has a number of advantages: it can be easily 
produced by any concrete plant and cast as self-compacting material in a regular manner 
known to contractors; the strength development is rapid enabling fast repairs; it does not 
require any additional steps such as vibration, heat treatment or surface finish. Such a solution 
is durable, cost effective and environmentally sustainable; it minimizes the frequency of 
maintenance interventions and traffic constrains thus minimizing associated costs and answers 
to future demands, e.g. increased traffic circulation.  

The present study aims to investigate the possibility of using UHPFRC to cast “mantels” 
around damaged elements using regular formwork, without additional reinforcement. UHPFRC 
with reduced clinker content and optimal rheological properties will enable an efficient cast 
between tight reinforcement, the old concrete surface and the formwork without additional 
vibration. The compatibility as well as long-term durability pertaining to the UHPFRC will be 
investigated in detail using experimental methods. In the first part of the study, optimization of 
mix design with reduced clinker content have resulted in good properties in both fresh and 
hardened state.  

  

2 Method 

The aim of the optimizing of UHPC was to achieve a flow spread ≥ 270 mm (fresh state) and 
a compressive strength ≥ 100 MPa at 28 days, with a cement content in the range of 500-600 
kg/m3. The reason for the flow spread requirement of at least 270 mm was to have a good 
margin for the flowability when later adding steel fibres to create UHPFRC. The optimizing 
process of UHPC recipe consisted of examining the effect of different types of cements (CEM I 
& II) and their quantities, different supplementary products such as fly ash, limestone, quartz 
fillers and blast furnace slag. Also, silica fume, water content, superplasticizers and aggregate 
content were also varied but to a lesser degree. An underlaying aim is to create a recipe as 
user-friendly as possible by minimizing the number of products used and that can be mixed in 
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ordinary concrete mixers. Due to the requirement of fast demoulding the early compressive 
strength, preferably after 1 day, should not be too low.    

3 Results 

The first mixture was a “typical” UHPC with a cement content of 960 kg/m3. The cement content 
was then reduced with most of the recipes after M3 using a cement content between 500 and 
650 kg/m3, still with various types of cement. It became clear that the use of a CEM I . (42.5 N-
SR 3 MH/LA) with fly ash, was best when adding on flowability, compressive strength after the 
first 24 mixes. Mix 23 was then further developed using a cement content of 650 kg/m3 before 
creating a final mix called FA1 with a cement content of 550 kg/m3 with an acceptable flow 
spread and compressive strength. The flow spread and compressive strength of the mixtures 
can be seen in Figure 1 and the final recipe can be seen in Table 1.  

 
Figure 1: Flow spread and compressive strength of mixture during the initial optimization. 

  
Table 1: Proportions of FA1 the final recipe. 

Table  Density ρ kg/m3 

CEM I 42.5 N - SR 3 MH/LA kg/m³ 3200 550 

Fly Ash kg/m³ 2550 400 

Silica Fume kg/m³ 2230 100 

Quartz sand 0-0.2 mm kg/m³ 2650 575 

Quartz sand 0-3 mm kg/m³ 2650 575 

Water kg/m³ 1000 140 

Superplasticizer  kg/m³ 1090 25 

 

4 Discussion 

There are several ways to create an UHPC with reduced clinker content. The chosen final 
product met the expectations of flowability and compressive strength, both early and at 28 days. 
The recipe is relatively simple for an UHPC, with fewer components and even numbers which 
usually preferred on site. The next step is to optimize and evaluate with added fibres. There will 
also be durability test of chloride ingress, freeze-thaw and shrinkage. In the final stage, 
UHPFRC will be cast as an overlay on 4-meter high columns than have been water jetted.  
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Importance of secondary chemical reaction on mechanical 
evolution of UHPC 

Prof. Juhyuk Moon, Dr. Sung-Hoon Kang 
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1 Chemical reaction in Ultra-High Performance Concrete (UHPC) 

Introduction 

UHPC consists of various physical or chemical fillers to enhance materials properties including 
workability, strength, and durability. However, the role of each filler has not been clarified yet 
due to the material complexity of UHPC. Here, instead of silica fume which is the key ingredient 
for UHPC production, differently treated rice husk ask (RHA) fillers have been tested to 
compare its material performance and seek further potential to enhance material properties. 
RHA can be used as a supplementary cementitious materials (SCM) in cement based materials. 
Basically, it has been known that it has pozzolanic reactivity to consume portlandite (i.e., from 
hydration reaction of belite and alite) and water to produce more calcium-silicate-hydrates. 
However, the performance of the RHA is highly depending on the combustion conditions [1].  

 

Materials and Methods 
This study follows mix design proportion of our previous research on UHPC [2]. The UHPC 
samples were prepared using ordinary Portland cement (OPC), silica fume, quartz powder, 
silica sand, RHA, and water with polycarboxylate-ether based superplasticizer. For the chemical 
treatement of rice husk, firing temperature of 400 °C and 650°C was selected and each 
produces black color RHA and white color RHA, respectively (Figure 1). Based on different 
substitution ratio (50% or 100%), it has different trend of development of compressive strength 
which was obtained by 5 cm cubic samples from 7 to 71 days.  
 

 
Figure 1: Strength evolution of UHPC with differently prepared rice husk ash instead of silica fume.  

 
At each date for strength measurement, thermogravimetric experiment was conducted after 

hydration stoppage to accurately measure the amount of portlandite. The relationship between 
strength data at 28 days and the amount of portlandite content at 28 days was presented in 
Figure 2.  
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2 Pozzolanic reactivity in UHPC 

As can be confirmed by the figure 2, there is a inverse relationship between the obtained 
strength and portlandite content. The portlandite was produced due to the cement hydration 
reaction from alite and belite. In UHPC formulation, the amount of those components is actually 
quite small due to the existence of large amount of different physical fillers such as quartz 
powder and sand. Nevertheless, we found out that approxiately 3~4 % of portladite was 
produced due to the hydration reaction. Furthermore, the amount is highly critical to control the 
secondary reaction of cement hydration in UHPC formulation, resulting the inverse relationship 
with compressive strength.  

. 

 
Figure 2: Inverse relationship between portlandite contents and compressive strength at 28 days. Data with 

red dots from [3] 

 

3 Conclusions  

Due to the complexity of UHPC at material scale, people may think high a degree of hydration 
of main clinker materials will increase the compressive strength of UHPC. However, this study 
clearly revealed that the strength evolution in UHPC does not depend on the degree of 
hydration (i.e., portlandite production reaction) but, is more importantly related to the portlandite 
consumption reaction. This is the pozzolanic reaction. Therefore, in terms of degree of 
secondary reaction, the degree of hydration of chemical filler of silica fume is much more 
dominant to determine the dense microstructure of UHPC although UHPC intrinsically has less 
amount of available water to facilitate pozzolanic reaction. This observation is used to 
understand how we can further improve the materials properties of UHPC because well-treated 
RHA can be a better pozzolanic material than silica fume.  
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1 Context of investigation 

UHPFRC are known for their exceptional structural and durability performance. Yet, durability 
assessment has been often based so far on samples cast in laboratory conditions, and 
feedback of UHFPRC ageing in existing structures is rather rare or recent. Conversely, the 
present study deals with the durability characterization of the oldest industrial application of 
UHPFRC in France and one of the oldest under such severe exposure conditions in the world 
[1]. Samples were drilled from two control girders made of UHPFRC of “Chinon” type (Tab. 1), 
cast in May 1996 [2], 23 years after their installation (August 1996) in the bottom part of one of 
the cooling towers of Cattenom nuclear power plant. Exposed to intense water dripping and 
forced wind circulation above a water basin containing salts, these pre-stressed I-shaped 
girders were maintained under permanent bending. They constitute durability warning samples 
with respect to the beams situated above. The program of investigations, following the one 
conducted after 10 year-exposure [3], was launched thanks to EDF support (owner and 
operator of the plant) and cooperation of Eiffage, LafargeHolcim, LMDC, TTT and IFSTTAR.  

2 Specimens and results 

On-site observations and coring 

Access to the 6.50 m-long specimens was made possible during a maintenance operation 
(Fig. 1). Two to five mm-thick scale deposits are observed on the beams, their metallic supports 
and surrounding structures, identified as a porous layer of magnesian calcite with possible SiO 2 
/ SO4 impurities. Namely, under operation, temperature of the water droplets varies from 35°C 
to 10°C, evaporation due to air flow concentrates the salt contents. Referring to the water of the 
basin, its pH ranges from 7.0 to 7.8; main ions contents are as follows: chlorides, 1 to 2 g/l; 
sulfates, 500 to 1000 mg/l. Periodic acid water treatments have used hydrochloric acid at 33% 
content, then sulfuric acid from 2017. 50 mm-diameter cores have been drilled transversally 
through the 50 mm-thick beams web (Fig. 2). Despite such aggressive conditions, no sign of 
fiber corrosion was visible on the core sides. 

 

 
Figure 1: Situation of the beams in the cooling towers with location of the drilled specimens (no rust spots). 
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Figure 2: Cored specimens before and after compression testing. 

 
Table 1: Nominal UHPFRC mix-proportions (kg/m3) [1]. 

Cem I Zr Silica 
fume 

Quartz flour 
(10µm) 

Quartz sand 
(300 µm) 

Steel fibers 
(Lf 13 mm) 

Superplasticizer 
(dry extract) 

Total water 

714 232 214 1021 160 12.1 139 

Measurements 
Possible chlorides ingress or any alteration were investigated by chemical analysis of layers 
sawn from cores, resulting in absence of pH nor chloride content variation over time and along 
the cores depth (Tab. 2). Results of compressive tests carried out on 3 of the cores, 45.6 mm-
diameter and 47.2 mm-high after surface preparation, are displayed in Table 2 with initial and 
10 years determination [3], and can be related to the nominal mix used for casting these control 
girders (Tab. 1). The initial strength was measured on moulded 70 mm-diameter, 140 mm-high 
cylinders at 7 days of age, the day after the 48 hour-long thermal treatment. Slump measured 
during the fabrication was 16 cm (final selection of the admixture and associated placement 
protocol may not have been fully optimized when casting these prototype “Chinon” beams). 

 
Table 2: Mechanical properties and durability indicators at the different ages. 

Age Mechanical properties  Durability indicators 

 Compressive  Young’s  Poisson’s pH Chlorides 

 strength modulus ratio near 
surface 

core near 
surface 

core 

7 days 207.8 MPa 56.0 GPa 0.21 - - - - 

10 years 240.4 MPa 54.4 GPa 0.19 12.4 12.4 < 0.1% of 
cem. mass 

< 0.1% of 
cem. mass 

20 years 237.7 MPa 53.6 GPa 0.18 12.7 12.7 < 0.1% of 
cem. mass 

< 0.1% of 
cem. mass 

3 Conclusions 

Some scatter in interpretation comes from the significant air bubble content and differences in 
the specimens size and aspect ratio. Moreover, observations of tendons and additional tests 
have been planned to confirm the durability of the beams (first implementation of prestressed 
concrete – namely, UHPFRC – in a cooling tower). Whatsoever, it can be concluded at this 
stage that UHPFRC constitutive characteristics in compression are unaltered and that no fiber 
corrosion nor chemical degradation has occurred after 23 years under such exposure.  
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1 Introduction 

Ultra-high performance concrete (UHPC) offers new opportunities for innovative and highly 
durable constructions. The application of UHPC can be advantageous in prestressed segmental 
structures like segmental bridges and precast towers. A further, pioneering approach is the 
application in framework structures (jackets) for foundations of offshore wind energy plants. For 
the structural design and the deformation behaviour of such foundations the joints between the 
UHPC segments are crucial. The implementation of grouted joints is a persistent solution to 
compensate manufacturing tolerances as well as to obtain force-locked connections.  

The joints of such jackets are designed in such a way that they remain under compression 
during loading. The respective load-bearing capacity of the grouted joint under shear and 
compressive forces is investigated in [1] and [2]. However, unplanned tensile stresses may 
occur e.g. due to unexpected occurrences. Then, the adhesive bond strength of the grouted 
joint as a residual resistance will get relevant. 

In order to investigate the adhesive bond strength of grouted joints between UHPC segments 
under static and cyclic tensile loads, uniaxial tensile tests are carried out at iBMB, Division of 
Concrete Construction of TU Braunschweig, which are introduced and analysed in the following. 

2 Experimental Program 

The test specimens consist of two UHPC segments with different surface characteristics of the 
interfaces, which are grouted with a high-performance mortar (HPM). The tests include series 
on smooth (S) or sandblasted (B) interfaces as well as nubbed (N) and trapezoidal (T) joint 
profiles. For series N, the influence of a pre-wetting (w) during the production is investigated in 
comparison to dry (d) joint surface production. The specimen and the surface characteristics 
are illustrated in Fig. 1. The mean compressive strengths of the UHPC and the HPM were 
fcm,c ≈ 150 and fcm,m ≈ 120 N/mm². First uniaxial tensile tests under static loads were carried out 
to determine the adhesive bond strength σu of grouted segment joints and to define the upper 
load levels σsup for cyclic loads. Afterwards, the specimens were tested under cyclic loads with a 
frequency f = 2 Hz until failure occurred or one or two million load cycles were reached (run-
out). For the run-out specimens, the residual adhesive bond strength after preloading was 
determined. The lower load levels were σinf ≈ 0.1σu. 

 
Figure 1: Specimen (a) as well as surface characteristics of series S (b), B (c), N (d) and T (e).  
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3 Results and Discussion 

All specimens showed failure in one of the surfaces between UHPC segments and HPM joint. 
Fig. 2 presents the results of the static (left) und cyclic loaded (right) specimens. As expected, 
the specimens with the smooth surface (S-w) showed the lowest ultimate tensile stresses with a 
mean value σu = 0.33 N/mm². The results for series T-w (trapezes) were nearly the same but 
with less scattering. For series B-w (sandblasted) and N-w (nubbed) more than two times higher 
tensile stresses (σu = 0.72 and 0.75 N/mm²) were determined, which is due to the larger specific 
surface area. Series N-d showed that a dry concrete surface before grouting leads to an 
adhesive bond strength, which is 44 % higher (σu = 1.1 N/mm²) than pre-wetted joints.  

All the cyclically loaded series (after preloading) exhibited an increase of residual adhesive 
bond strength: Series B-w (+28 %), N-w (+20 %) and N-d (+36 %). This effect can be explained 
with an ongoing hardening of UHPC and HPM during testing and a reduction of internal 
stresses due to cyclic loads. 

For tensile stress levels σsup < 0.8σu no failure under cyclic loading occurred. Furthermore, 
no influence of stress level or number of load cycles (one or two million) on the residual 
adhesive bond strength could be observed. 

However, the adhesive bond strength was always considerably below the tensile strength of 
plain UHPC (fct,c = 5,5 N/mm²) or HPM (fct,m = 6,0 N/mm²), respectively.  

  
Figure 2: Test results of specimens under static (left) and cyclic (right) loads. 

4 Conclusions 

The adhesive bond strength between UHPC segments under static loads highly depends on the 
surface characteristics of the interfaces. With higher specific surface area, the tensile load 
capacity increased. Under cyclic loads with tensile stress levels σsup < 0.8σu no failure could be 
observed for the investigated number of load cycles. All series exhibited an increase in residual 
bond strength after cyclic loading. However, the investigated grouted joints showed adhesive 
bond strengths considerably below the tensile strength of plain UHPC or HPM, respectively. 
Grouted joints of UHPC-jackets for foundations of offshore wind energy plants must be 
designed so that they remain under compressive stresses in any case during loading. 
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1 Introduction 

In North America, Ultra High Performance Concrete (UHPC) has been typically used in 
accelerated bridge construction as field cast connections for precast elements for either new or 
rehabilitation/replacement for over a decade [1].  Only recently, UHPC has been placed as a 
thin bonded overlay for bridges in the United States of America.  UHPC overlays are an 
excellent rehabilitation method for existing bridge decks to extend their service life time and to 
enhance their long-term durability performance in a cost effective way. 

2 Successfully Completed UHPC Overlay Projects in the US 

US 18 over Floyd River Bridge, Sheldon, IA 
This 2018 project was the first machine placed UHPC overlay in the United States which utilized 
a two-layer approach with different fiber contents per layer and multiple passes to achieve a 45 
mm (1 ¾”) depth overlay. This thin UHPC layer on the bridge deck acts as a protective 
waterproofing layer and helps the owner to save on any future costs by eliminating any 
additional deck repairs or even a full deck replacement.  The goal of the bridge rehabilitation 
was to repair the existing concrete deck and extend the service life at a minimal traffic 
interruption.   

Prior to installation, the deck surface was roughened using hydrodemolition and was pre-
wetted for few hours before placement of the overlay.  The UHPC for the 838 m2 (9,020 ft2) 
overlay was mixed onsite and was placed with a fully mechanized paving machine (Fig. 1).  A 
two layered overlay was requested to minimize any steel fibers extrusions on the UHPC 
surface.  Installation occurred in four stages where one lane of each direction remained open 
for the public at all times during the 10 days of construction.  Diamond grooving was applied to 
achieve the final surface finish of the overlay (Fig. 2).    

  
Figure 1: Fully mechanized paving machine  Figure 2: Diamond grooved UHPC overlay surface 

 

SR1 Bridge, Little Heaven, DE 

Two new 36.5m (120ft) long and 12.8m (42ft) wide bridges (Fig. 3) were constructed with a 
cast-in-place concrete deck on steel girders.  Uneven chambers and grades resulted in having 
the top rebar mat in the center of the bridge deck with insufficient concrete cover and 
protection.  The bridge owner searched for a solution that would provide enough protection of 
the top rebar mat, while keeping the designed cross slopes and horizontal curve of the bridges. 
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An UHPC overlay was the preferred repair method due to its great durability resistance and 
minimum required overlay thickness for grade repair.  The UHPC overlay thickness varied 
between 45mm (1¾”) to up to 127mm (5”) in local areas with an overall average thickness of 
approximately 76mm (3”).  The surface of the existing concrete deck was prepared using 
hydrodemolition at a depth of 6mm (¼”) and prior installation the existing concrete surface was 
saturated with water.  FHWA has demonstrated and validated that this is the best performing 
surface preparation to ensure sufficient bond of the UHPC overlay to the concrete substrate [2].  
The low temperatures in February 2019 required winter heating installation procedures to 
ensure proper strength gain. Staging of the overlay construction included three paving lanes 
(Fig. 4) and construction joints were installed between the paved lanes. The entire UHPC 
placement was completed within a two week time period.  Diamond grinding of the UHPC 
surface was applied to meet the road surface requirements for smoothness and microtexture.    

        
Figure 3: SR1 Bridges during Construction  Figure 4: UHPC Overlay after Stage #1 

 

Thin Lift UHPC Paving Machine Advancements 

Manny lessons were learned on proper mix preparation, feeding of the paving machine, 
finishing the overlay surface and curing the overlay from all previous projects.  This prompted 
the development of a new thin lift UHPC 
overlay paver (Fig. 5) capable of paving 
lanes in widths from 2.4m (8‘) to 9.1m 
(30‘) for the U.S. market in 2019.  This 
thin lift UHPC paver can be utilized for 
smaller single-span to larger multi-span 
bridge rehabilitation projects.  Bond tests 
validated strong performance.                      Figure 5: Highly Specialized Thin Lift UHPC Paver 

3 Conclusions 

Even though overlays are still in the infancy for UHPC applications in the US, these projects 
illustrate successful and high quality installations with minimized traffic interruption.  The most 
important success factors of an UHPC overlay are proper surface preparation, compaction and 
curing. Utilizing specifically developed paving machines for UHPC and an experienced 
workforce are essential to achieve these success factors in a fast and cost-effective way.  
Specialized UHPC paving machines help bridge owners to minimize traffic interruptions and to 
shorten the total construction time of the bridge rehabilitation project.   
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1 Discussion 

Thermal storage has been considered as a promising approach to realize energy recirculation, 
real-time supplement, and efficient utilization. This research aims to find an appropriate mixture 
composition for the construction of accumulator with the purpose of thermal storage where hot 

water is used as storage medium and the highest operating temperature can reach 200 °C. The 

cement compound used in this study is Nanodur® Compound 5941 by Dyckerhoff GmbH, 
produced for simple production of UHPC which contains 59 wt. % CEM II/B-S 52.5 R and 41 wt. 
% fine quartz powder. There are three series of samples tested in this research, NC, FNC20, 
and FNC40 referring to pure Nanodur® Compound 5941, the compound with 20 wt. % and 40 
wt. % fly ash respectively. 

Mineralogical analysis 

  
                                      (a)                                                                                (b) 

Fig. 1 Influence of cyclic autoclaving treatment on composition stability (a. XRD results of FNC20 and b. TGA 

analysis)  

Once autoclaved by cyclic hydrothermal treatment (200 °C, 15.5 bar and 6 h for one cycle), 
the phases formed show a great difference compared with the samples cured at standard 
condition. As for NC samples, the peak of portlandite disappears after 9 cycles while it is only 1 
cycle for F20 indicating the strong pozzolanic reaction between portlandite and silica and the 
addition of fly ash accelerates the consumption of portlandite. Conversely, there are also some 
new phases formed. Xonotlite gradually grows and dominates in NC samples after 50 cycles 
while Al stabilized tobermorite (Al-tobermorite) governs in FNC20. Furthermore, Al-tobermorite 
grows faster and keeps stable after 21 cycles in FNC40 compared with that in FNC20 implying 
that sufficient Al supplied by fly ash favours the Al-tobermorite formation. Besides, katoite 
[Ca3Al2(OH)12] also forms and is more evident in the samples with fly ash probably because the 
incorporation of fly ash supplies excess Al. It is reported that ettringite will decompose into 
monosulfate phase and then into hydrogarnet and insoluble anhydrite β-CaSO4 [1] which are 
both detected in our study and keep stable within the tested cycles.  
  The results shown in Fig. 1(b) are extracted from the thermogravimetry (TG) curves which are 
not present here. As for the samples subjected to autoclaving treatment, the content of 
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portlandite in NC samples decreases and then disappears completely after 21 cycles while it 
depletes after 9 cycles for FNC20 and only 1 cycle for FNC40 indicating the accelerating effect 
introduced by fly ash. The content of non-evaporable water (NEW) which is generally used to 
evaluate hydration degree also decreases in the first 9 cycles probably because on one hand 
the amorphous C-S-H bound with a large number of water converts into crystalline phases 
losing the redundant water; on the other hand, the pozzolanic reaction accelerated by high 
temperature and/or fly ash releases some bound water from portlandite. In the subsequent 
autoclaving, the content of NEW starts to increase indicating that the hydration continues and 
more hydrates form which can be also verified by XRD results. We can see that the NEW 
content of pure samples is slightly lower than that of FNC20, but larger than that of FNC40 
which is believed to originate from that the NEW content of xonotlite dominated in NC series is 
much lower than that of tobermorite and the large replacement by fly ash reduces clinkers 
content. It should be noted that the NEW content barely changes after 21 cycles for FNC20 and 
FNC40 indicating a relatively stable composition. 

2 Final comments 

Although xonotlite has better thermal stability, its strength and impermeability are generally 
weaker than that of tobermorite [2]. Incorporation of aluminous components such as fly ash 
should be a complementary method for cement paste served in such severe condition as Al-
tobermorite has not only decent thermal stability but also high strength and low permeability. It 
seems that FNC40 has the better composition in this study concerning that the Al-tobermorite in 
this sample grows faster and stronger, and keeps stable after reaching the maximum value. 
Besides, in order to confirm the best composition, the samples with larger dosage of fly ash and 
other kinds of supplementary cementitious materials also need to be tested. It should be 
mentioned that the existence of excess Al or fly ash will lead to considerable formation of 
hydrogarnet which is unfavorable for strength and anti-permeability. 

3 Conclusions  

In the presence of sufficient fly ash, Al-tobermorite dominates in the sample subjected to cyclic 
hydrothermal condition rather than xonotlite. The hydration of cement compound proceeds 
further in hydrothermal environment as the content of chemically bound water increases after 
an initial decrease. However, the phases in the sample incorporated with 40 wt. % fly ash barely 
changes after 21 cycles indicating a relatively stable composition. 
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Experimental resistance of composite UHPFRC-RC beams 
under impact 
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1 Introduction 

Strengthening of reinforced concrete (RC) with a thin tensile layer of ultra-high performance 
fiber-reinforced concrete (UHPFRC) is an efficient structural concept under quasi-static loading 
scenarios. Because of its excellent tensile properties, UHPFRC has an interesting potential for 
high-energy solicitations like impacts. So far, research on UHPFRC-RC beams under impact 
has focused on the application of the UHPFRC as a thin overlay, whereby the UHPFRC mainly 
works as a protective layer in charge of receiving the impact [1]. In the present contribution, it is 
analyzed how the UHPFRC tensile layer can improve the impact performance of RC. 

2 Experimental research and results 

Impact tests have been carried out on 6 configurations of UHPFRC-RC beams (Figure 1a). Two 

series were tested, without and with stirrups (F8 @ 150 mm), named RC- and RCS- samples 

respectively. The former are shear-critical and the latter are flexure-critical under quasi-static 
loading. Each series included unstrengthened (hU = 0 mm) and UHPFRC-strengthened (hU = 35 
and 55 mm) beams, with 2 specimens of each type. The UHPFRC consisted of CRC (portland 
cement- and microsilica-based dry mortar premix including dry superplasticizer and fines of 4 
mm maximum size) supplied by Hi-Con A/S, with 2% by volume of 12.5 mm straight steel fibers. 

Previous research on RC structures [2] has shown that impact loading leads to two types of 
diagonal cracks, even for flexure-critical members: a shear plug at the midspan (type I cracks) 
and flexure-shear cracks between the midspan and the supports (type II). Type I cracks are due 
to the local effect produced by the projectile upon impacting, while type II cracks are a result of 
the global beam behavior once the impact and inertia forces have propagated to the supports.  
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Figure 1: (a) Test configuration and geometry (in mm); (b) Crack pattern of shear-critical beams after impact. 

The crack pattern at failure of RC-series (Figure 1b) demonstrates that both types of shear 
cracks formed in the present tests. For RC-U0, multiple type I and II cracks, spalling and 
fragmentation produced the collapse. Large concrete cover pieces were split out, leading to 
debris, which is an undesirable hazard for structures protecting humans or goods. The addition 
of a 35 mm UHPFRC was very positive: even though both type I and II cracks were visible, the 
UHPFRC layer kept the integrity and reduced debris. According to video records, the UHPFRC 
provided a resisting mechanism by working as a kind of stress ribbon able to withstand the 

Concrete: fc = 41 MPa 

UHPFRC: fc = 135 MPa, 

fct,fl = 14 MPa 
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damaged RC above it. In contrast, specimens with a 55 mm UHPFRC layer behaved worse, as 
the UHPFRC between the type II cracks was spalled. It has to be noted that the UHPFRC-RC 
interface of RC-U55 beams was at the level of the longitudinal reinforcement, which might have 
decreased the interfacial strength with respect to that of RC-U35 beams. The smaller concrete-
to-concrete area of RC-U55 beams was not enough to resist the bottom-up reflected tensile 
wave induced by the impact. The debris can be evaluated by means of the mass loss produced 
by the impact, which was on average: -16% (RC-U0), -9% (RC-U35), -20% (RC-U55).  
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Figure 2: (a) Total reaction-midspan deflection curve of shear-critical beams; (b) Crack pattern of RCS-U55. 
The global behavior can be also studied from the load-deflection diagrams derived from 
dynamic measurements (Figure 2a). The 1st peak, which corresponds to the initial local effect 
and type I cracks, was similar for both series because it is governed by the contact condition 
between the projectile and the specimens. The 2nd peak is related with the global response and 
type II cracks. Thus, it can explain the different behavior of RC-U35 and RC-U55 beams: on the 
one hand, the 2nd peak load of RC-U35 was almost 2 times that of RC-U55; on the other hand, 
the 2nd peak ends with different slopes for RC-U35 and RC-U55: positive stiffness and negative 
stiffness, respectively. The former has been associated to residual strength in previous tests [3], 
which agrees with the integrity shown by the UHPFRC layer in RC-U35 beams.  

The stirrups of RCS-series have improved the impact strength in two ways: 1) controlling the 
full propagation of type I and II cracks, 2) avoiding the debonding at the UHPFRC-RC interface 
of beams with 55 mm UHPFRC layer (Figure 2b). 

3 Conclusions  

Strengthening of RC beams with a thin UHPFRC tensile layer can improve the impact strength. 
An additional contribution was provided by the UHPFRC by working as a stress ribbon which 
reduces debris generation. The UHPFRC-RC interface should not be placed at the level of the 
reinforcement in order to avoid interfacial debonding. Otherwise, it is recommended to use 
shear reinforcement to avoid debonding. 
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1 Introduction 

Recent studies investigating the impact performance of ultra-high performance concrete 
(UHPC) report a quasi-brittle flexural failure that transitions to a brittle punching-shear failure as 
the size of the impact head is reduced [1]. In the study presented here, E-glass fiber reinforced 
thermoplastics were investigated as a potential reinforcing material to shift the failure 
mechanism and improve toughness. The advantages of the thermoplastic composites include 
rapid fabrication, automated manufacturing and weldability with other thermoplastics. 

2 Materials and Methods 

Sixteen 305 x 305 x 12 mm UHPC panels were fabricated using the mix shown in Table 1. This 
mix produced a concrete with a compressive strength of 200 MPa. The UHPC was reinforced 
by 12 mm by 0.2 mm-diameter brass-coated steel fibers at a volume fraction of 1.5%.  Half of 
the panels included a small addition of cellulose nanofibrils (CNFs), which were added as a way 
to potentially improve toughness of the UHPC matrix. 

Table 1: UHPC Constituents and proportions. 

Table Proportion by weight 

Type I/II Portland Cement  0.384 

Silica fume 0.067 

Silica sand (max. size 0.6 mm) 0.475 

Water 0.068 

Water reducing admixture 0.006 

Two systems of thermoplastic reinforcement were investigated: thermoforming and vacuum 
infusion. For thermoforming, the UHPC panels, a collection of fiber reinforced pre-impregnated 
tapes, and a layer of thermoplastic resin were heated and pressed (consolidated) with a 
hydraulic actuator. Upon cooling the multiple layers of thermoplastic tapes formed into a 
complete laminate that was fully bonded to the UHPC core. The second system to reinforce the 
UHPC was vacuum infusion using a two-part liquid thermoplastic resin-system and a woven 
roving fabric. Details are presented in [2].  

For mechanical testing, the panels were quartered into nominal 150 x 150-mm specimens, 
which were subjected to both quasi-static and low-velocity impact testing. In both tests, panels 
were simply supported on all four sides, and loaded at the panel center with a 16-mm diameter 
hemi-spherical load head. For brevity, only the impact tests are presented here. Force was 
measured during the test using a dynamic load cell in the impact head, and midspan deflection 
was measured using an in-line position sensor. Specimens were subjected to impact energies 
of either 16, 24, 32, or 40J. 

Panel damage from the impact tests was quantified by loading the specimen in a load frame 
before and after impact test. This was done so that both the change in specimen compliance 
and the residual deformation after impact could be measured. An example illustrating this 
procedure is shown in Fig. 1. 
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Figure 1: Illustration of terms used in damage assessment. C i is initial compliance; Cd is damaged compliance. 

3 Results and Conclusions 

Fig. 2 illustrates the results of impact tests for panels subjected to an energy of 16 J. The plots 
illustrate damage observations made for all impact energies. In general, the addition of the 
thermoplastic reinforcement not only significantly reduces residual deflection and change in 
compliance (between 80 and 95%), but also significantly reduces the variability of damage. The 
addition of CNF to the UHPC mix had little to no effect on performance. Perhaps most 
significantly, there is little to no performance difference between the thermoformed 
reinforcement and the vacuum-infused reinforcement. The significance is that the thermoformed 
approach is far simpler to implement, and is more easily scaled up to larger panel sizes and to 
a more rapid fabrication process. 

 
Figure 2: Results of impact tests at 16 J: (a) residual deformation; (b) change in specimen compliance. 

The research results suggest that performance gains from the thermoplastic reinforcement 
warrant additional development steps, including optimizing the concrete/FRP bond, and 
developing an appropriate material model that will allow refinement of both FRP fiber layups 
and processing parameters for additional performance improvements. 
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1 Introduction 

Considering that the compressive strength of UHPC nearly reaches the strength of conventional 
construction steel, a substitution of steel by UHPC in specific structural elements such as NSC 
composite members, could be possible. In this context, this contribution presents an 
experimental investigation on UHPC-NSC composite members, in which UHPC was used 
instead of conventional construction steel. As first composite member a UHPC hollow box 
girders were considered as a substitution for steel girders in composite superstructure of single 
span bridges with a span up to 30 m. Prefabricated, slender, thin-walled UHPC box girders 
beams are prestressed by pre-tensioning and supplemented by NSC slab as deck layer cast in 
place. The second member, a UHPC-NSC composite column, consisted of a precast spun NSC 
shell and a UHPC filled core. The spun NSC shell served both as the fire protection layer and a 
load-bearing element. 

2 UHPC-NSC hollow box girder 

The developed precast UHPC hollow box girder for composite bridge superstructures consist of 
thin deck slab, thin webs and thicker bottom slab. Pretension strands are mostly arranged in the 
bottom slab, a small number are also arranged in the deck plate, in order to prevent cracking of 
the deck plate during the prestressing. For simple construction and to keep the thickness of all 
sectional elements thin, the girders were designed without conventional reinforcement. Due to 
this a high amount of micro steel fibre is required in order to avoid the formation of splitting 
cracks due to the transfer of prestressing forces. 

Fig. 1 shows as an example of construction with UHPC box girders. 

   

Figure 1: Possible bridge construction made of several UHPC box girder (left) and corresponding girder cross 

section for a bridge span of 30 m (right) 

In order to investigate the load bearing behavior of hollow box girder and to valid 
prestressing test results, a 1:2 scaled UHPC hollow box girder was cast in a precast plant and 
tested. A self-developed fine grain UHPC mixture with the compressive strength higher than 
180 N/mm2 after 28 days without heat treatment, self-compacting properties and the Young’s 
modulus of approx. 54000 N/mm2 was used. The UHPC matrix tensile strength was approx. 8.5 
N/mm2 and the post-cracking tensile strength was amount to 9.0 N/mm2. The steel fibers had a 
tensile strength of approx. 3800 N/mm2 and are structured and brass-plated to improve the 
bond behavior, with a maximum fibre amount of 2% by volume. The prestressing strands were 
0.62”, 7-wire strands with a cross-section area of 150 mm2, steel grade 1660/1860 N/mm2 and 
the nominal diameter dn of 15.7 mm. 
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Fig. 2 shows the tested 7 m long UHPC box girder at bearing load with corresponding cracks. 

  
Figure 2: Specimen at bearing load (left) and corresponding bending cracks (left) from measurement with the 

digital image correlation system 

The UHPC hollow box girder reached the bearing capacity at 950 kN when a ductile bending 
behaviour occurred. Clearly visible was the specimen stiffness declination at approximately 550 
kN with increasing number of bending cracks. Besides the opening of bending cracks at mid 
span of bottom slab and webs, the shear cracks in girder webs were observed. The first shear 
cracks were observed at about 650 kN. No slip between strand and concrete as well at the joint 
between NSC and UHPC was detected, also no torsion effect through possible stiffness decline 
on one girder side. 

3 UHPC-NSC composite column 

At this innovative composite column, UHPC core is cast in a spun NSC shell and serves as the 
single load-bearing element in the fire design situation. The NSC shell serves primarily as fire 
protection layer and secondly as load bearing element in normal design situation. Besides, it is 
used as formwork for the UHPC core. In contrary to conventional steel-NSC composite 
columns, where the profiled steel core can reach its compressive strength at the maximum 
loading by crushing of the NSC, attentions should be paid to considerable difference in the axial 
strain by reaching the compressive strength between UHPC and NSC in UHPC-NSC composite 
columns. 

Fig. 3 shows cross section of UHPC-NSC composite column and typical failures occurred. 

       
Figure 3: Schematic cross section of UHPC-NSC composite column (left) and typical failures (right) 

The experimental program had three parts. In first part, 13 UHPC columns were tested in 
order to investigate the effectiveness of the fibre and transversal reinforcement regarding load 
bearing capacity and confinement action. At the second part, 18 short UHPC-NSC composite 
columns were tested. The distribution of longitudinal and transversal reinforcement was varied 
in order to identify the appropriate reinforcement arrangement regarding confinement and 
ductility. At third part, 3 UHPC-NSC composite columns with larger column length were tested 
in order to verify applicability for building construction columns. 

For a core self-developed coarse grain UHPC mixture with the compressive strength higher 
than 180 N/mm2 after 28 days without heat treatment and without self-compacting properties 
and for a shell a C 50 / 60 was used. The failure of UHPC-NSC composite columns occurred 
very ductile with the spalling of NSC cover. 

4 Conclusions 

An experimental investigation on presented innovative UHPC-NSC composite structures 
pointed out that both structural composite members showed excellent composite action.
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Hong Zhang 

Department of Civil and Environmental Engineering, National University of Singapore, Singapore 

1 Introduction 

Previous studies have indicated that several parameters affect the concrete resistance to high 
velocity projectile impact (HVPI) including compressive strength and coarse aggregate among 
others. On the one hand, the significantly higher compressive strength of ultra-high 
performance fiber reinforced concrete (UHPFRC) under quasi-static state suggests its 
enhanced effectiveness against HVPI over fiber reinforced high strength concrete (FRHSC) and 
strain hardening cement-based composites (SHCC). On the other hand, elimination of coarse 
aggregates from UHPFRC and SHCC may undermine their ability to resist HVPI. The intrinsic 
advantages and drawbacks of individual advanced cement composites raise a question: which 
of these advanced cement composites is the most effective one when penetration resistance 
against HVPI is of concern. This study provides preliminary experimental data and insights into 
this question. 

2 Experimental Program 

Two proprietary UHPFRCs, three FRHSCs, and two SHCCs were examined in this study. The 
mixture proportions of these materials are provided in Table 1. 

Table 1: Mix proportions of different advanced cement composites 

Mix w/cm C1 SF2 or FA3 W4 CA5 S6 SPL7 f8 PE*** PVA**** 

UHPFRC-S 
Proprietary 

3.0% (SS1-3)* - - 

UHPFRC-A 3.0% (HS)** - - 

FRHSC-60 0.50 410 - 205 946 760 3b 0.5% (SS4)* - - 

FRHSC-85 0.35 480 - 168 946 776 10b 0.5% (SS4)* - - 

FRHSC-110 0.28 450 452 139 946 772 10c 0.5% (SS4)* - - 

SHCC-ST+PE 0.25 1478 1482 414 - - 17b 0.5% (SS4)* 1.5% - 

SHCC-PVA 0.25 587 7043 323 - 469a 10c - - 2% 
1Cement; 2Silica fume; 3Fly ash; 4Water; 5Coarse aggregate; 6Sand; 7Superplasticizer; 8Steel fiber; aMaximum size 0.25 mm; 
bNaphthalene based; cPolycarboxylate based; *Straight; **Hook-end; ***Polyethylene fiber; **** Polyvinyl alcohol fiber 

The dimensions of the HVPI test specimens were 600×600×400 mm. A large gas gun facility 
(Figure 1) and non-deformable ogive-nosed projectiles (Figure 2) weighing about 250 g were 
utilized for the HVPI tests with impact velocity of approximately 400 m/s. The detailed 
experiment method can be found in Wang et al. [1]. In this preliminary study, emphasis is 
placed on the depth of penetration (DOP) which is defined as the distance from the impact 
surface to the deepest point in the crater. 

  
Figure 1: Large gas gun facility Figure 2: Details of the projectile 
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3 Results and Discussion 

The dependency of the DOP on the compressive strength fc for these advanced cement 
composites is illustrated in Figure. 3a. In contrast to previous results for normal concrete (NC) 
which typically show a monotonic decrease in the DOP with increasing fc, a turning point is 
observed at approximately 90 MPa after which no appreciable decrease in DOP is observed as 
fc increases. This suggests mechanisms other than fc that determine the DOP of concrete 
subjected to HVPI. It is generally accepted that fc alone cannot adequately describe the DOP. 
The compositions of concrete, such as coarse aggregate, also play an important role. It is also 
observed that commonly used empirical equations [1] for the prediction of DOP may not be 
applicable to these advanced cement composites as indicated by the generally large deviations 
from experimental results. This may be explained by the fact that these equations are calibrated 
using test data on NC which typically has lower fc and includes coarse aggregate. 

   
(a) DOP vs fc (b) DOP and Δm vs He (c) DOP vs Δm 

Figure 3: The relationship between fc, He and DOP or projectile mass loss Δm. 

Figure 3b illustrates the dependency of the DOP on the effective hardness He, calculated by 
the weighted Rockwell hardnesses of matrix and coarse aggregate in concrete according to 
their idealized relative fractions along the projectile trajectory. Detailed derivation can be found 
in Wang et al. [1]. A good linear relationship between the DOP and He is observed. This is 
ascribed to the fact that He accounts for the influence of both mortar and coarse aggregate. 
Higher He due to the incorporation of coarse aggregate led to improved resistance against 
HVPI. The improved resistance may also be ascribed to more severe abrasion between the 
coarse aggregate and projectile as indicated by the increase in projectile mass loss with He 
(Figure 3c). 

4 Conclusions 

Preliminary experimental results for a comparative study on the resistance of UHPFRC, 
FRHSC, and SHCC to HVPI indicate that the decrease in DOP with the increase in fc is not 
monotonic. There is a turning point after which no further reduction is observed. In contrast, 
there exists a close correlation between effective hardness and DOP. The improved resistance 
to HVPI with increased He may be ascribed to the incorporation of coarse aggregate and more 
severe abrasion between the coarse aggregate and projectile. 
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1 Introduction 

Compared with normal strength concrete, ultra-high-performance concrete (UHPC) is 
characterized by high particle packing density, combined with the use of superplasticizer to 
reduce the water-to-cementitious materials ratio. These extremely low porosity and low 
permeability characteristics of UHPC give it improved durability and mechanical properties over 
other types of concrete [1] [2]. 

However, in terms of sustainability and cost, this class of material must still be evaluated 
regarding its value of the higher average dosage of binder compared to regular concrete. 

The research program reported on herein was aimed at determining eco-friendly UHPC 
dosages in which the cement content was kept as low as possible while reaching compressive 
strength al 28 days (R28) over 150 MPa using local available components in the Colombian 
market and without using any heat treatment.  

2 Materials 

The materials used to manufacture the concrete were local available in Colombia. In all 
dosages, ASM Type HE cement (C), 100 kg/m3 of silica fume (SF), silica sand (SS) with 
maximum particle size of 600 µm, tape water and polycarboxylate-ether-superplasticizer 
(HRWR), were used. As suppelementary cementitious materials (SCM) several options were 
tested: Electric Arc Slag Furnace (EASF), Ground Granulated Blast Slag Furnace (GGBSF), 
Limestone Powder (LP), Micro-Limestone Powder (MLP), Recycled Glass Powder (RGP), 
Recycled Glass Flour (RGF), local high unburned carbon fly ash (FA), and fluid catalytic 
cracking catalyst residue (FC3R), as partial substitution of cement and silica fume. A reference 
dosage without restrictions in the amount of silica fume which doesn’t use any of the SCM 
aforementioned, was used as reference. 

 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 1: On the left: Particle size distribution of the components used in this research. On the right FSEM of 

several supplementary cementitious materials used: a)FC3R, b)MLP, c)RGP, d)RGF, e)EASF, and d)FA. 
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3 Mixture design and results 

Statistical tools such as Design of Experiments (DoE) and multiobjective optimization were used 
to better adjust the goal of compressive strength while using the less amount of cement and 
maintaining the mixture in a reasonable cost. The factors analysed in each combination of 
components were cement content in kg/m3 (Factor A), water to binder ratio (Factor B) and 
percentage of superplasticizer in volume used (Factor C). The rest of components were 
adjusted to the A&Amod curve using q=0.264 [3]. The optimization was based on the 
desirability approach developed by Derringer and Suich [4]. In every combination an 18-run 
DoE was used. The combinations analysed are depicted in Table 1 as well as their 
mathematical optimization and the respective experimental verification. 

 
Table 1: Combinations analysed in the research. COP = Colombian Pesos. R28 in MPa. Cement in kg/m3 

DoE SCM 
Cement 

 
w/b HRWR Model R28 Experiment

al R28 
Cost/m3 

(x1000COP) 

REF - 870 0.191 3.05% 174 170 1350 

DoE01 LP+MLP+EASF 651 0.161 2.62% 155 152 900 

DoE02 RGF+MLP+EASF 621 0.164 2.55% 158 156 848 

DoE03 RGP+MLP+FC3R 654 0.172 2.83% 153 150 900 

DoE04 RGF+RGP+MLP 603 0.165 2.05% 155 152 809 

DoE05 MLP+RGF 590 0.163 2.11% 157 155 806 

DoE06 MLP+FA 711 0.168 2.86% 151 148 890 

DoE07 GGBFF+RGF 674 0.164 2.57% 153 157 841 

DoE08 GGBSF+RGP+RGF 681 0.166 2.28% 152 151 876 

 

4 Conclusions 

Based on the obtained results from this analysis, the following conclusions can be drawn: (i) 
Partial substitution of cement and silica fume is possible with different options, however there is 
a drop in the resistance in all cases;(ii) limestone powder and especially recycled glass allow to 
reduce the superplasticizer content which has a notable impact on the final cost;(iii) local fly ash 
dosage presents the greater need for cement due to the high unburned carbon obver 12%;(iv) 
lower final cost an cement content is achieved when blending micro-limestone powder and 
recycled glass flour as partial substitution of cement and silica fume. 
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1 Introduction   

Within the scope of EU funded RE4 project [1] a high-performance concrete (HPC) together 
with a self-compacting concrete (SCC) based on ordinary Portland cement and mineral 
construction & demolition waste (CDW) aggregates were developed to be used in a concrete 
sandwich panel. The sandwich panel had an inner layer of 120 mm of SCC CDW concrete with 
reinforcing steel, combined with a layer of PE-PIR insulation of 60 mm and an external layer of 
40 mm thickness of HPC CDW concrete reinforced with 1 layer of carbon textile reinforcement.  

2 HPC CDW concrete development   

The HPC requirements were C60/75 strength class, SF1 slump flow class and 15 MPa of cubic 
concrete compressive strength at 16 hours in order to be demoulded from the tilting table. For 
the SCC concrete all requirements were identical except for the concrete strength class that 
was C40/50. Due to the production site of the concrete elements (Creagh Facilities in Northern 
Ireland), CDW aggregates used came from 2 different sources. The CDW fractions consisted of 
concrete, stone, bricks, glass, ceramics, etc. The initial development of the HPC mix was 
performed with CDW coming from Southern Europe (SE) with 0/2 and 2/8 fractions. The HPC 
CDW SE was casted with 655 kg/m3 of CEM I 52 R, fly ash and silica fume. The aggregate 
replacement level of CDW was 90% and the flow was 600 mm with a mean compressive 
strength of around 80 MPa. For the upscaling of the elements, the CDW aggregate came from 
United Kingdom (UK) with 0/4 and 4/10 fractions. The HPC CDW UK was casted with 725 
kg/m3 of CEM I 42.5 R, fly ash and silica fume. The replacement level achieved was 50% due to 
poorer quality of the CDW and also the compressive strength at 28 days was around 70 MPa. 
In addition, the flow obtained was 800 mm. Both concretes achieved the 15 MPa requirement at 
16 hours, but the compressive strength of HPC SE CDW was around 45 MPa compared to HPC 
UK CDW that was 21 MPa.    

3 Mechanical performance of HPC layer and sandwich panel 

For the investigation of flexural properties of the HPC layer using carbon textile reinforcement, 
4-point bending tests were performed. Three specimens for each type of panel were tested, 
which consisted of a reinforced panel shape in the size of 700 mm x 100 mm with 2 different 
thicknesses (30 and 40 mm) and 1 or 2 layers of carbon textile reinforcement.  
It can be observed that that with one layer carbon textile reinforcement (30 and 40 mm 
thickness) following the initial cracking, multiple crackings are formed and stabilized and 
afterwards the mechanical properties are mainly governed by the textile reinforcement. In the 
case of the two-layer carbon textile reinforcement (30 and 40 mm thickness) there is no multiple 
crack formation but only a discrete crack with a higher load compared to the test results of one-
layer reinforcement followed by a huge drop in the load afterwards. This is a more brittle 
behaviour than the observed in the one layer specimens. 
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Figure 1: Load vs displacement of 1 and 2 layer carbon textile with: a) 30 mm thickness; b) 40 mm thickness.  

 
The mechanical overall performance of the sandwich panels was analized with 4-point bending 
tests. The panel dimensions were 2.5 m. long, 1.0 m. width and 0.22 m thick. The connection 
between layers was achieved by MC/MS series pin connectors from Thermomass every 
350 mm. Two Sandwich panels were casted with one-layer textile reinforcement and the other 
with 2 layers of carbon textile reinforcement and all 3 specimens were casted with a HPC layer 
of 40 mm thickness.  

Figure 2: a) Schematic of 4-point bending test and photograph; b) Load vs displacement of tested specimens 

 
The results of these tests were also useful to determine the bending stiffness, cracking moment 
and bending moment resistance of the developed elements. After the initial cracking was 
reached in all specimens, the ones with one-layer textile (SP-1L) had a strain hardening 
behaviour with an increase in the load, reaching a 20 % higher load than if the specimens 
worked with only the inner layer (non-composite behaviour). On the other hand, sandwich panel 
with 2 layers of textile reinforcement (SP-2L) worked like a non-composite panel probably 
caused by the behaviour of the 2 layers of textile reinforcement not letting work properly the pin 
connectors.  

4 Concluding remarks  

The use of HPC concrete with a high replacement level of CDW aggregates was achieved 
obtaining adequate compressive strength and good workability. Moreover, the implementation 
of the HPC in the external layer of sandwich panel combined with one layer carbon textile 
reinforcement showed a good performance according to the mechanical tests performed. This 
sandwich panel is already placed at the mock-up building of RE4 project in Madrid (Spain). 
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1 Theoretical basics and target idea 

The global construction boom is associated with a large amount of resource consumption. Due 
to the economically significant production and processing of the raw materials, the construction 
industry is more resource-intensive than any other sector. Moreover, in the construction industry 
an upcoming shortage of sand is expected. As a result, a very large market results for 
demolished building materials and thus also for recycled aggregates [1]. Consequently, the 
recycling of concrete in pure form has been regulated in a normative manner in recent years. 
Nevertheless, there are still problems with the reuse of masonry building materials from building 
construction. Recycled calcium silicate units (CS-units) belong to the masonry building 
materials and consist of a compound of CS-units and adhering plaster and mortar. This plaster 
and/or mortar almost always consists of cement and/or lime cement. 

While coarse recycling aggregates are generally accepted by the market in their pure form, 
the use of finer recycled aggregates < 4 mm is not yet widespread; for example, these finer 
aggregates are only used in mixed material quality for backfilling earthworks (downcycling) or 
are sent to landfill in large quantities. In general, fine-grained fillers are added to concrete to 
achieve special requirements. Quartz powders are used especially in packing density-optimized 
systems. As an inert additive, they ensure a high packing density and are a component in the 
formulation of Ultra High Performance Concretes, UHPC.  

In the context of this work, the acceleration effect of recycled fine grained CS-units is 
analysed. Thus, the resource intensive quartz powder was replaced by recycling material of fine 
grained CS-units. In addition, a positive effect of the fine Calcium-Silicate-Hydrate phases 
(CSH) on the reaction behavior was analysed. In further AiF projects [2] it was shown that fine 
CSH-phases in fillers will act as crystal seeds.  

2 Methodological approach 

Two different recycled CS-units as fillers were investigated to check the reactivity. Besides a 
pure CS-units recycling filler (A2), a building material with adhering plaster (A4) was grained 
and used as a filler in a well-known M3Q mixture (reference) developed at the University of 
Kassel [3]. The following investigations were carried out: 

chemical mineralogical investigations 

· X-ray powder diffraction (XRD) 

· environmental scanning electron microscopy (ESEM)  
physical investigations 

· grain size distribution 

· measurement of the released heat quantity using an isothermal calorimeter   
mechanical investigations 

· compressive strength. 
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3 Results 

First, the particle size distribution of the used fillers was checked by means of laser 
granulometry. With the aid of precise grinding technology and the corresponding grinding time, 
a comparable particle size with regard to the quartz flour and the recycling filler was achieved. 
The grain size distribution of all samples was within d50=15±1 µm. 

The hydration tendency was checked by means of isothermal calorimetry. As suspected in 
advance, the use of recycling fillers as CSH seeds increased the hydration heat quantity after 
24 hours from 53.3 J/g to 55-56 J/g, see crosses in figure 1. This property is also reflected in 
the compressive strength development. The compressive strength of the samples A2 and A4 
increased about 3 MPa by the use of recycled CS-unit fillers compared to the reference mixture. 
However, after 28 days these differences in strength do not exist and the strength of the 
reference mixture is even higher (161.9 MPa compared to 151.3 and 154.1 MPa). 

 
Figure 1: Compressive strength (related to the left axis) as well as the hydration tendency (right axis) 

In addition, the samples were examined by XRD after 28 days. No foreign phases could be 
detected by the analytics. 

4 Summary and outlook 

The use of recycled and finely grained CS-units represent a promising method for the use in 
UHPC. Thereby, natural resources can be reduced. In addition, the use of CS-units recycling 
material leads to a CSH-seeds effect in the early hydration process. This effect is responsible 
for an improvement in the early strength. 
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1 Introduction 

In Switzerland, around 15 million tons of construction & demolition waste (C&DW) were 
produced in 2014 [1], of which approximately 7 million tons are concrete and mixed demolition 
waste (e.g. masonry). According recent studies [2], [3] the amount of construction waste from 
building construction will increase significantly due to a higher demolition and renovation ratio.  

As result of the increasing amount of waste, the Federal Office for the Environment of 
Switzerland (FOEN) declared in 2016, that all waste such as municipal waste or construction 
and demolition waste "must be recycled or recovered for energy" [4]. Around 70-80 % of the 
overall C&DW, as of today, is recycled for building materials, while the rest is deposited or 
burned in waste incineration plants [1], [5]. However, most of the processed C&DW is "down-
cycled" into materials with subordinate technical requirements such as lean concrete or as road 
subbase material [6]. One reason for the Downcycling is the crushed concrete sand with grain 
sizes smaller than 4 mm, the quality of the crushed sand has a significant influence on the 
possibilities of returning the crushed sand to cement and concrete production. It depends on the 
methods of concrete demolition treatment [7], [8]. Furthermore, the European Cement Research 
Academy [9] states, that the re-use of crushed concrete is a challenge due to the less 
favourable properties of the crushed concrete fines. 

In this study, three technically viable applications of this crushed concrete sand are 
evaluated according to sustainability criteria with a focus on climate protection, resource 
conservation and waste avoidance. Possible applications of crushed concrete fine are: (i) as a 
raw meal substitute, (ii) as additives in cement mills or concrete production or (iii) as aggregates 
in concrete production.  

Based on these interrelationships, an evaluation of the possible application of crushed sand 
represents an essential prerequisite for the development of suitable processing methods in 
order to obtain a high performance. 

2 Methodology 

To estimate the potential for the use of the crushed concrete fine, several testing methods and 
calculations will be used to determine the properties of real and laboratory samples. 

Based on chemical analyses of the samples, simulations will evaluate the use of ground 
crushed sand in clinker production. The result of this step are statements as to whether the raw 
material can be used in clinker production. Mortar samples produced with the ground crushed 
sand as an additive will be subjected to tests in accordance with the SN EN 196 series of 
standards. The results are then compared with the current standards and allow statements 
about the possible use of the crushed concrete fine as additive and the possible amount to be 
added. In a further step, crushed sand samples are used as a substitute for primary sand in the 
production of concrete. The concretes produced will then be subjected to comprehensive 
testing. On the basis of these results and a comparison with the standards, the maximum 
substitution rate of the primary sand is determined. Finally, the results are evaluated and the 
reduction potential of CO2, the effects on the consumption of natural raw materials and the 
effect on costs are estimated  
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3 Discussion and conclusions 

Efforts to optimise the recycling of mineral construction waste today focus on mixed demolition, 
as there are currently too few recycling possibilities for this secondary building material. The 
demolition of concrete is not yet considered as a problem and the potential of its recycling is not 
yet sufficiently recognised. This will change in the coming years or decades, because: 

(i) The amount of concrete demolition will increase once the concrete structures from 
the second half of the last century have reached the end of their useful life. Therefore, 
the proportion of mixed demolition in mineral construction waste will decrease in the 
future and the proportion of concrete demolition will increase accordingly. 

(ii) The possible uses of RC concretes in structural engineering will increase and with it 
the demands on the building material. Today, qualitative deficiencies in the concrete 
granulate are compensated by adjustments in the concrete mix design (more cement, 
more admixtures). This leads to higher costs and environmental pollution. In the 
future, attempts will be made to improve the quality of concrete demolition.  

(iii) The pressure on the cement industry to make its contribution to climate protection is 
increasing (e.g. through higher CO2 fees and measures taken by public clients). Many 
representatives of this industry see a promising approach to solving this problem by 
rebinding CO2 in concrete. For this, the greatest potential lies in the rebinding 
capacity in the crushed sand of the concrete demolition. 

For these reasons, efforts to develop new processes for the separation and processing of 
C&DW will increase significantly in the coming years and further investigations for the usage of 
C&DW will be necessary. The here described research project improves the decision-making 
basis for the development of new technologies to close the material cycles and obtain high-
quality results.  

Acknowledgment 

Supported by the Federal Office for the Environment FOEN (UTF 591.03.19) and the Gebert 
Rüf Foundation (GRS-049/18). 

References 

[1] Hiltbrunner, D.: Das Bauwerk als Rohstofflager, vol. 22, pp. 65–69, 2017. 
[2] Guerra, F.; Kast, B.: Bauabfälle in der Schweiz - Hochbau Studie 2015 [Construction 

waste in Switzerland - Building Construction Study 2015], Bern, 2015. 
[3] Schubert, S.; Hoffmann, C.: Grundlagen für die Verwendung von Recyclingbeton mit 

Mischgranulat, EMPA, Abteilung Ingenieur-Strukturen, 2011. 
[4] Swiss Waste Ordinance, Ordinance on the Avoidance and the Disposal of Waste. 2015, 

pp. 1–46. 
[5] Almeida, J.; Wälti, C.: Ent-Sorgen? Abfall in der Schweiz illustriert, Bern, Nr. 1615, 2016. 
[6] Galbenis, C.T.; Tsimas, S.: Use of construction and demolition wastes as raw materials in 

cement clinker production, China Particuology, vol. 4, no. 2, pp. 83–85, 2007. 
[7] Müller, A.: Baustoffrecycling, vol. 63, no. 11–12. Wiesbaden: Springer Fachmedien 

Wiesbaden, 2011. 
[8] Hoffmann, C.; Jacobs, F.: Recyclingbeton aus Beton- und Mischabbruchgranulat, 2007. 
[9] Müller, C.; Reiners, J.; Palm, S.: Closing the loop: What type of concrete re-use is the 

most sustainable option?, 2015.



Session A6: Ecological and Economic Optimisation 

105 
 

Mechanical properties and bond behaviour of fibre-reinforced 
UHPC based on alkali activated slag 

Daniela Göbel, Alexander Wetzel, Bernhard Middendorf 

Institute of Structural Engineering, University of Kassel, Germany 

1 Introduction 

Alkali activated materials (AAM) are considered as promising alternative to cementitious 
systems due to the excellent mechanical properties and their environmentally friendly raw 
materials. The production of traditional Portland cement is energy intensive and contributes 
significantly to CO2 emissions, on this account climate-friendly binder systems are of great 
interest for the development of building materials. The aim is to avoid the use of Portland 
cement clinker as binder. Through the appropriate use of secondary raw materials a 
comparable sustainable binder systems can be produced and the CO2 emissions could be 
reduced up to 75 % [1]. 

Based on the principles of ultra-high performance concrete (UHPC) a Portland cement free, 
alkali-activated material base on blast furnace slag was developed and the effects of different 
fibres on the fresh and hardened concrete properties were investigated. 

2 Material and Methods 

AAMs consist of a reactive solid component, which must contain SiO2 and Al2O3 in sufficient 
quantity and form, and an alkaline solution [2]. The hydration and/or polymerization reactions 
with the release of water result in strength-forming reaction products which remain solid under 
water and are stable in atmosphere [3]. The durability of the material is positively influenced by 
the small amount of capillary pores as well as by the addition of silica fume [2]. The formulation 
used and developed in this research is based on ground granulated blast furnace slag with a 
potassium water-glass solution as an activator. The basic mixture is a self-compacting material 
with a w/b ratio of 0.23 and compressive strength of 160 MPa after 7 days. As another 
advantage compared to other high alkaline AAM, the initial setting of this mixture is more than 
60 minutes. 

The influence of different fibres on the fresh and hardened concrete properties are compared 
to the formulation without fibres. Different straight fibre types (basalt, polyvinylalcohol and steel) 
in different volume proportions (0.25 vol% and 0.5 vol%) were compared in this study. In 
addition to these investigations some fibre pullout tests with steel fibres were done and 
compared to the results of fibre pullout tests on OPC based UHPC. The nominal embedded 
length of the steel fibres was 5 mm. 

3 Results 

All used fibre types have an effect on the workability. This is noticeable at the slump flow, which 
carried out with the mini slump according to German standard DIN EN 1015-3 [4]. If the results 
exceed a value of 250 mm, the material is refered to as self-compacting concrete (SCC) [5]. 
With an increasing fibre volume, the slump is getting smaller (Figure 1a, dots) and thus the 
workability decreases. The use of fibres in the AAM mortar has no significant influence on the 
compressive strength (Figure 1a, bars). With a w/b ratio of 0.23 the steel fibres are sedimented. 
The subsequent reduction of the w/b ratio to a value of 0.18 resulted in an increase in 
compressive strength to over 200 MPa after 7 days.  
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In addition to these investigations, fibre pullout tests with 5 brass coated steel fibres 
(Figure 1b) have been carried out with the reference mixture in order to demonstrate the bond 
between fibres and UHP-AAM matrix. The pullout stress-slip relationship represents the forces 
applied in relation to the contact surface of the fibres with the binder matrix. To compare them 
with those in UHPC, where single fibre pullout was performed [6], the test results in AAM were 
calculated for one fibre. The single pullout stress in the AAM is higher with 8 MPa, compared to 
UHPC with 2 MPa.  

4 Discussion and conclusion 

This study showed that adding fibres to the AAM leads to a higher viscosity of the fresh mortar, 
however, SCC behaviour still exists for all observed mortars. With the use of steel fibres and a 
reduced w/b ratio a counteraction of sedimentation tendency and an increasing compressive 
strength is observed. The addition of different fibre types (with an equal w/b ratio) only slightly 
affects the compressive strength. 

The fibre pullout tests have shown that the steel fibres in UHPC have much lower bonding 
strength compared to these in AAM. Whether the different and higher pullout stresses in AAM 
result from a chemical reaction with the surface of the materials or has other causes must be 
further investigated. 

In this research a UHP-AAM material with very high compressive strength and properties of 
an SCC could be produced. But the material showed the same brittle post cracking behaviour, 
similar to the UHPC. Further tests on the variation of fibre contents and shapes can counteract 
the brittle failure of the material. 
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Damage behaviour of high-strength grouts under fatigue 
loading 
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1 Introduction 

High-strength grouts are commonly used in the wind industry, where they are exposed to high 
cyclic loading. In fatigue tests with a load frequency fp = 10 Hz and maximum stress levels 
Smax ≤ 0.75, fine-grained high strength grouts reach lower numbers of cycles to failure than 
coarse-grained high-strength grout or high-strength concrete. These results indicate that the 
fatigue behaviour of fine-grained grouts might be different from the fatigue behaviour of coarse-
grained grouts. At the same time, the fine-grained grout show a stronger increase in 
temperature and deviating characteristic of the temperature development. From this, it can be 
assumed that these differences are not only due to test-related influences such as the load 
frequency fP, but also to material - or structure - related effects. 

2 Experimental Investigations 

The experimental investigations of the fatigue behaviour were conducted on three high-strength 
grouts of varying fineness, which are often used and were supplied by the wind energy industry. 
Hence, the exact compostions of those grouts are unknown. The blaine value of the materials 
was determined as the fineness parameter. The blaine value of VM3 is 2,417 cm²/g; the blaine 
value of VM1 is 2,696 cm²/g and the blaine value of VM0 is 4,391 cm²/g. The fatigue tests were 
conducted on cylindrical specimens with H/D = 180/60 mm. The PVC-framework was removed 
after two days and the specimens were stored under water until testing. Immediately before 
testing, the exterier surfaces of the specimens were sealed with butyl tape to avoid drying out 
during the fatigue test. The minimum stress level was kept constant at Smin = 0.05 for all tests, 
while the maximum stress level was either Smax = 0.75 or Smax = 0.65.  
During the tests, the axial deformation and the surface temperature were measured cont-
inuously in order to calculate the damage indicators, e.g. strain, stiffness, dissipated energy and 
temperature development.The axial deformation is temperature-compensated for the evaluation 
of the deformation. As parameters of the damage indicators, the gradient of strain at the 

minimum stress level grad eII
min and the gradient of stiffness grad Es

II and the heating rate vT;II in 

phase II of the strain development were analysed. The averaged gradient of strain and the 
averaged gradient of stiffness as function of the averaged heating rate are shown in Figure 1 
and Figure 2 for both stress levels. 

  
Figure 1: Gradient of strain as a function of the 

heating rate (averaged values) 

Figure 2: Gradient of stiffness as a function of 

the heating rate (averaged values) 
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3 Results 

The expected drastic differences in logarithmised numbers of cycles to failure of several orders 
of magnitude based on the test results of e. g. [1] could not be determined for these materials 
and test boundary conditions examined here. The tested numbers of cycles to failure are in 
similar range. For Smax = 0.65, the grout VM1 has on average almost identical numbers of 
cycles to failure as for Smax = 0.75. Reducing the stress level by 10 % does not lead to an 
increase in the numbers of cycles to failure for VM1. This is a completely atypical behaviour, 
that has not been observed in the literature so far. 

For all grouts, the gradient of strain and the heating rate in phase II are higher for Smax = 0.75 
than for Smax = 0.65 (cf. Figure 1). The higher the gradient of strain in phase II and higher 
heating rate, meaning that the strain increase per load cycle and the increase in temperature is 
higher. With a higher stress level, the absolute applied force is higher and the increase in strain 
is higher and more energy is introduced in the specimen, which can be converted into heat. For 
both stress levels, a correlation between a higher heating rate and higher gradient of strain can 
be identified. Furthermore, it can be observed for both stress levels that the gradient of strain 
and the heating rate are higher for fine-grained grouts VM1 and VMO than for the coarse-
grained grout VM3. Obviously, with increasing fineness of composition, the increase in strain 
per load cycle is higher.   

For the respective grout, it can be seen that higher gradient of stiffness, except for VM1, 
correlates with higher heating rate (cf. Figure 2). VM1 shows an atypical behaviour for 
Smax = 0.65, which can explain the higher gradient of stiffness for Smax = 0.65. As expected, a 
higher gradient of stiffness for Smax = 0.75 could be determined for the other grouts. The 
comparison of the gradient of stiffness shows that the values of gradient of stiffness are in 
similar range depending on the stress level. A correlation between the fineness of the 
composition and the gradient of stiffness, as it could be oberserved for the gradient of strain, is 
not be seen. This means that a higher heating rate and increase in strain does not correlate 
with higher stiffness degradation in phase II. Similar results regarding the strain and stiffness 
development were observed for normal-strength concrete, mortar and hardened cement 
paste [2]. 

4 Conclusions 

In summary, no drastic difference in the logarithmised numbers of cycles to failure could be 
determined, as was excepted. It can be said that fine-grained grouts have higher heating rates 
and higher increases in strain than the coarse-grained grout. Comparing all grouts, a higher 
heating rate and higher increase of strain correlate, but higher heating rate does not correlate 
with a higher gradient of stiffness. With a similar gradient of stiffness in phase II, a fine-grained 
grout can endure larger deformations. With a lower proportion of fines and a higher proportion 
of aggregates, the possible deformations could be limited [2]. Regarding the fatigue behaviour, 
the higher heating rate and higher increase in strain does not directly indicate lower numbers of 
cycles to failure, which means lower fatigue resistance, since the gradient of stiffness in 
phase II and the numbers of cycles to failure are in a similar range.  
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Equi-biaxial flexural fatigue behavior of thin circular UHPFRC 
slab-like specimens 

Xiujiang Shen, Eugen Brühwiler 
Laboratory of Maintenance and Safety of Structures (MCS-ENAC), EPFL – Swiss Federal Institute of Technology 
Lausanne, Station 18, CH-1015 Lausanne, Switzerland 

1 Experimental Campaign 

The ring-on-ring test method is applied for equi-biaxial flexural fatigue testing, using circular 
slab-like UHPFRC specimens with a diameter R0=600mm and a thickness h=50mm. The Digital 
Image Correlation (DIC) technique is used to observe the full-field fatigue damage propagation 
during the whole fatigue testing process.  

 
Figure 1.  Schematic description of test setup 

The chosen UHPFRC is an industrial premix containing 3.8% by volume of straight steel 
fibers with length of 13mm and diameter of 0.175mm, and its water/cement ratio is 0.15. After 

casting, the slab-like specimens were kept under moist curing conditions (20°C, 100% humility) 

for seven days, and stored inside the laboratory until testing. The test age was more than 60 
days. 

A total of sixteen slab-like specimens are prepared for the experimental campaign: four 
quasi-static tests are carried out first, and twelve fatigue tests with S (the ratio between the 
maximum applied fatigue force and the quasi-static ultimate resistance) ranging of 0.47~0.76 
are performed with the aim to explore the fatigue endurance limit. The minimum fatigue force is 
always set to be 10% of the maximum fatigue force. And the sinusoidal cyclic loading with 
frequencey of 5Hz was imposed for the constant period of fatigue testing. 

2  Quasi-static flexural behavior of UHPFRC slab 

Based on F-δ curves, the equi-biaxial response of UHPFRC slabs is characterized by four 
phases: elastic phase (O-A), quasi-elastic phase (A-B), hardening phase (B-C) and softening 
phase (C-D) according to Figure 2: 



 

110 
 

  
 Figure 2. Force-deflection response                                       Figure 3. S-N diagrams 

3 Flexural fatigue behavior of UHPFRC slab 

The fatigue test results suggest a constant amplitude fatigue endurance limit at S=0.50 
considering run-out results after 20 million fatigue cycles, as illustrated in Fig.3. Compared with 
the testing results in Fig.3, the S-N curve for concrete as taken from the fib Model Code 2010 
obviously is conservative and does not apply to UHPFRC which is different to concrete. 

Based on the fatigue damage evlotion, four stages of fatigue damage evolution are 
characterized for UHPFRC slab-like specimens showing fatigue failure, while run-out 
specimens show three stages. Figure 4 shows the increase of specimen deflection as a function 
of fatigue cycles represented in a normalized scale from two representative specimens. This 
deflection evolution can be considered as an indicator of fatigue damage. The specimen for 
S=0.53 (Fig.4-a) shows a fatigue fracture after 0.88 million cycles (LogNf=5.94)), although the 
applied stress level is slightly above the fatigue endurance limit. The run-out specimen for 
S=0.50 (Fig. 4-b) also shows some damage evolution but the damage propagation rate is much 
smaller than in the case of specimen with S=0.53, and no further deflection propagation was 
observed after 15 milliion cycles. 

 

   

Figure 4. Evolution curve of central deflection under flexural fatigue loading 

(a) S=0.53, Nf=0.88million, (b) S=0.50, run-out 

 
 
 
 
 
 

FIB 2010 

(a) (b) 
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1 Introduction 

The expansion of offshore wind energy systems increases the number of fatigue-loaded 
concrete structures that are permanent submerged in water. Comparatively few investigations 
of fatigue-tested concrete specimens immersed in water are documented in the literature (see 
e.g. Huemme [1], Nygard et al. [2] and Sørensen et al. [3]). Despite the fact that considerable 
scatterings occur in these results, a clear tendency can be observed. Concrete specimens, 
which are stored and tested submerged in water, show a significantly lower fatigue resistance 
compared to specimens which are stored and tested in air. This phenomenon was recognized 
in the past, but it is still unknown how the water influences the fatigue resistance of concrete 
and which water-induced damage mechanisms are involved in the degradation process. 

2 Experimental Investigations 

Cylindrical test specimens of a high-strength concrete with the dimensions of h/d = 300/100 mm 
were used to investigate how water influences the fatigue resistance of concrete. The test 
specimens prepared were divided directly after the manufacturing process into five series to 
adjust to different moisture contents. The influence of the moisture content in the microstructure 
and the influence of external surrounding water were investigated in tests with sealed and 
unseald specimens in dry conditions and fully submergend in water (cf. Tab. 1). 

Tab. 1: Definition of the storage and test conditions investigated  

acronym storage condition sealing test condition 

D dried (105 ± 5 °C) (Al)-butyl tape dry 

C climate chamber (20 °C, 65 % RH) (Al)-butyl tape dry 

M intrinsic moisture (sealed until testing) (Al)-butyl tape dry 

WS water storage (stored underwater) (Al)-butyl tape dry 

WST underwater (stored and tested underwater) unsealed under water 

The entire experimental investigation was performed in a servo-hydraulic testing machine, with 
a specially developed test set-up, which allows fatigue tests in air and submerged in water. The 
related minimum and maximum stress levels (Smin = 0.05, Smax = 0.65) were kept constant 
throughout the whole experimental investigation. A constant load frequency of fP = 1.0 Hz 
(exept for the dried test specimen) was applied in the fatigue tests. 
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Fig. 1: Logarithmic gradient of strain 

at the maximum stress level 

Fig. 2: Logarithmic gradient of strain 

at the minimum stress level 
Fig. 3: Logarithmic gradient of the 

development of stiffness 
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During the tests, the axial deformations were measured continuously in order to calculate the 
damage indicators gradient of strain at the minimum and maximum stress level grad εmin

0.2-0.8 
and grad εmax

0.2-0.8 and the gradient of stiffness grad ES
0.2-0.8. The damage indicators were 

analysed between 20 % and 80 % of the numbers of load cycles to failure. In order to classify 
water-induced damages the acoustic emission activity was analysed additionally. The gradient 
of strain at maximum and minimum stress level and the gradient of stiffness as a function of 
moisture content are shown as average logarithmic values in Figures 1, 2 and 3. 

3 Results and conclusions 

For a better classification, the results of the numbers of cycles to failiure are presented first. The 
results show a decreasing fatigue resistance with an increasing moisture content in the 
microstructure of the concrete. The biggest deviation can be found with a value of 2.5 orders of 
magnitude between the storage conditions WST and D (note: the specimen of storage condition 
D refers to one fatigue-test without failure). Furthermore, the results show that external 
surrounding water reduces the fatigue resistance further, but only by a small amount (see [4]).  

It is obvious from Figures 1, 2 und 3 that the analysed fatigue damage indicators gradient of 
strain at the minimum and maximum stress level and gradient of stiffness generally increase 
with an increasing amount of water in the microstructure of the concrete. The water-saturated 
test specimens of storage condition WS and WST show a higher increace in strain at minimum 
and maximum stress level and a higher stiffness reduction per load cycle compared to 
specimens of the storage condition C and D. Therefore, the results indicate a faster damage 
development with increasing moisture content, which correlates with the results of the number 
of cycles to failure.  

In order to obtain more information about the damage mechanisms involved in the 
degradation process the acoustic emission activity was analysed. The results show an 
increasing trend of acoustic emission signals with an increasing amount of water in the 
microstructure of the concrete. Further, the results show acoustic emission signals of water-
saturated test specimens (WS and WST) occurring over the entire fatigue process with signals 
located mainly near the minimum stress level (see [4]). 

Consequently, the results of the damage indicators anaysed show that different damage 
mechanisms are acting depending on the moisture content in the micro-structure of the 
concrete. In addition to the mechanical damage mechanisms, these water-induced damage 
mechanisms act obviously substantially damaging. 
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Low cycle fatigue of Ultra-High Performance Steel Fibre 
Reinforced concrete 

Jens Peder Ulfkjaer 
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1 Introduction 

The development of concretes with higher compressive strengths and high ductility provides the 
ability to construct slender and lightweight concrete structures. These differ from the more 
traditional concrete structures in the way that a reduced dead weight makes the structures more 
susceptible to dynamic loads. The development of Ultra High Performance Fiber Reinforced 
Concrete (UHPFRC) with high tensile and compressive strength combined with an extreme high 
fracture energy makes it possible to make e.g. Wind Turbine Towers of heights over 200 m. An 
example of such a tower is the Conelto tower [1] constructed of circular elements. In the 
concrete elements about 520 canals are embedded, which will be used to post-tensioning the 
rings together. When subjecting the rings to compressive stresses, tensile stresses will occur in 
certain zones around the vertical canals. FE calculations of the cross-section has shown the 
tensile stresses are up to 20% of the applied compression stress. It needs to be proven that 
there will not be a problem with fatigue in compression and in tension. Very few data exists and 
there is limited knowledge about fatigue for UHPFRC in tension. Due to the high fatigue, 
resistance of the material focus in this work has been on low cycle fatigue. 

2 Experimets 

Test of beams in three point bending has been performed on beams with depth 100 mm, height 
100 mm and with a span of 400 mm. In order to relate the physical damage to the stiffness 
changes, a new test set-up for three point bending of notched beams was designed where the 
optical measuring systems ARAMIS was used. From the ARAMIS pictures, the crack growth 
can be observed. The pictures were taking without interrupting the loading cycles in order to 
avoid creep. Additionally displacement were measured at the two supports (to correct for rigid 
body motions), the stroke, an LVDT close to the notch at the midsection and a laser measured 
the crack mouth opening displacement over the notch (CMOD). Both static and fatigue loading 
have been performed.  

 
Figure 1: Load - CMOD curve for both static and fatiques test 

In the fatigue test a stress ratio, (R=Fmax/Fmin) of 0.55 was used, and the stress level,  
SL=Fmax,fatigue/Fmax,static was varied between 0.9 to 0.8. In total 11 tests were performed and of 
these 5 failed prematurely. This was due to a bad distribution of the fibers in the failure surface, 
and initial rapid crack growth could be seen in the ARAMIS measurements. 
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The phenomenon of crack growth in three phases could be observed. The crack initiates 
during the first few cycles and then crack growth slows down during the next several cycles. 
Finally a phase with rapid crack growth that leads to failure.  

In the tests, it is seen that the descending branch of the static experiments can be correlated 
to the fatigue life as can be seen in figure 1. 

3 Modelling 

A previous developed analytical model for predicting the complete load deflection curves of plan 
reinforced beams, [2], has been extended to cyclic loading, [3]. In the model, cyclic loading 
follows the model suggested by Yankelevsky, [4]. The calculations are then divided into three 
phases: I: An elastic state described by linear theory of elasticity. II: Development of a fictitious 
crack, and strain softening in the concrete. III: Development of a real crack in the concrete. 

This makes it possible to have a stress-strain formulation for the crack band, and thus 
implement known un- and reloading models to model the fatigue behaviour. 

This is done by implementing a cyclic loop on the constitutive relation and thereby calculating 
a new stress distribution per cycle including crack growth. By adapting the failure criterion seen 
in the experiments, an estimated relation between the inclinations of the cyclic loop and the 
stress level, it is possible to estimate the fatigue life of the beams and calculate an S-N curve 
with a good correlation to the experimental results 

4 Conclusions  

The purpose of this investigation was the understanding of the effects of low cycle flexural 
fatigue on UHPFRC. The understanding was obtained with experimental investigations together 
with the development of an analytical model based on a previous developed static model. From 
the experimental testing a fracture criterion for the models was found. It was shown that the 
Load-CMOD curve from fatigue loading could be compared to the static one and that fracture 
occurred when the deflection on the fatigue curve reached the static curve.  

By implementing the analytical fatigue model it can be concluded that the Ulfkjær et al. 
model [2]  can be further developed to estimate fatigue life. This is done by implementing a 
cyclic loop on the constitutive relation and that way calculating new stress distributions per 
cycle. Using the fracture criterion found from the experimental tests and an estimated relation 
between the inclinations of the cyclic loop and the stress level, it was possible to estimate the 
fatigue life of the beams, and calculate an S-N curve with a good correlation to the experimental 
results.  
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cast UHPC connections 
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1 Introduction 

Ultra-High Performance Concrete (UHPC) has been utilized in bridge construction across North 
America in various applications such as precast bridge elements, field cast connections, 
overlays, repairs and seismic retrofit for the past 20 years.  The most popular and widely used 
North American UHPC application is to connect precast bridge elements with field cast UHPC 
due to its ultra-high strength, bond development, and durability. This solution speeds up 
construction, facilitates Accelerated Bridge Construction (ABC), allows for simpler connections 
with reduced reinforcing bar congestion and provides a longer lasting more robust connection 
than other conventional methods.  Since 2006, over 250 bridges with UHPC field connections 
have been constructed in Canada and the USA [1]. 

2 Bridge Inspections 

In 2012, more than 40 bridge structures with UHPC connections were visited and visually 
inspected [2].  Since November 2018, the authors visited and visually inspected  22 bridges with 
varying types of typical field cast UHPC connections for precast bridge elements in New York 
State and Ontario that have been constructed and in service for the past decade [3, 4].  Two of 
the inspected bridges are presented and concluding remarks for all 22 inspected bridges are 
included. 

Whiteman Creek Bridge, City of Brantford, Ontario 

In 2011, an existing three span concrete bridge was replaced with a 40m single span steel plate 
girder structure made composite with a 225mm thick concrete deck and asphalt waterproofing  
topping during a seven week full highway closure [5].  To reduce construction time, this ABC 
utilized precast concrete elements for all structurally reinforced concrete sections (except cast-
in-place barrier walls).  Field cast UHPC was utilized to develop: a) integral steel H-pile to 
precast abutment connections; b) composite shear connections between precast deck panels 
and supporting steel girders; c) deck-level connections between precast concrete panels; and 
d) connections between adjacent approach slabs.   

 

Figure 1: Bridge Underside       Figure 2: Cracks in Vertical         Figure 3:  Longitudinal Cold Joint in Asphalt  

                                                 Connection (non-UHPC)                
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A visual inspection of the bridge did not reveal any leakage through the transverse UHPC 
deck-level connections or the composite shear connections (Fig. 1).  No rust stains or effloresce 
were evident.  Even a UHPC repair patch along a precast deck panel has remained intact. No 
precast deck panels showed any signs of cracking.  Even though this bridge has only been in 
service for 8 years, other deteriorations were noticed:  a) ASR cracking in the cast-in-place 
barrier walls and precast deck panels; b) cracks in vertical foundation connections made of high 
performance concrete (Fig. 2); and c)  longitudinal crack in asphalt along the centerline and 
along the width of a paver from the centerline (Fig. 3).                                     

Canandaigua Outlet Bridge, Village of Lyons, New York 

In 2009, this project was the first use of Side-by-Side Deck Bulb-Tees with longitudinal field cast 
UHPC connections topped with a waterproofing membrane and an asphalt wearing surface.  A 
visual inspection of the deck surface (Fig. 4) showed no evidence of any reflective cracking in 
the asphalt surface on top of the longitudinal field cast UHPC connections due to a potential 
differential movement of the girders; except the longitudinal centerline joint appeared to have a 
cold joint along the length of the bridge.  This may be a result of having a crown along the 
centerline.  Other deteriorations such as ASR cracking in the barrier walls, excess scaling of the 

conventional concrete sidewalk (Fig. 
5), rutting of the asphalt surface in 
the westbound lane, and failing of the 
eastside expansion joint were noticed 
(Fig. 5).  A crack from the failed 
expansion joint has also formed in 
the sidewalk.  None of this 
deterioration was a result of using 
field cast UHPC connections.   

 
Figure 4: Top Surface                               Figure 5: Expansion Joint & Normal Concrete Sidewalk Scaling 

3 Conclusions 

The 22 projects visited in 2018 and in previous years are a representative sample size of 
inspections that provide a level of comfort and added assurance to keep constructing bridges 
with field cast UHPC in the future.  The absence of cracking, scaling, reflective cracking or other 
deterioration of UHPC supports that the material is performing as expected by the designers.  In 
contrast, other deterioration mechanisms were observed on several bridges such as:  pavement 
scaling, ASR, cracks in non-UHPC connections, asphalt rutting, longitudinal asphalt cracking, 
overlay groove wearing, panel cracking, and expansion joint failing.       
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1 Introduction 

Integral bridges are becoming increasingly popular. One of the main advantages are the low 
maintenance costs due to the missing expansion joints. However, the occuring deformations in 
horizontal direction, which are not absorbed by expansion joints anymore, must be transferred 
sufficiently to the ground without harming the surface of the pavement in this region. Therefore 
the development of special transition structures is required, especially for long integral bridges. 

In [1] the basic operating modes of transition structures are shown. Recently, a number of 
different new concepts have been developed to satisfy the requirements on operational 
reliability. Some of these approaches are shown in [2] and [3]. 

This contribution presents a new approach using UHPFRC, which has already been realized 
at an integral bridge with a length of about 90 m in Fehring (Austria). For monitoring the 
behavior of this structure in service, measuring systems have been installed. Following, the 
functionality of the new system with UHPFRC will be exemplified with the before mentioned 
bridge in Fehring. 

2 Approach with UHPFRC 

The transition structure must be able to transfer the extension of the bridge in summer as well 
as the contraction in winter. Overall, the contraction is expected to be higher than the extension 
because of additional shortening of the concrete bridge due to shrinkage. For further 
explanations, however, the extension and the contraction are assumed to be the same. 

In a simplified manner, the horizontal deformations of the bridge in Fehring can be assumed 
with about +/- 15 mm, which correspond to a difference in temperature of +/- 30 °C. Figure 1 
shows an intersection and a bisected ground view of the new developed system with UHPFRC, 
in order to distribute these deformations uniformly in the transition zone without causing 
damages of the road surface (cf. [4]). 

 
Figure 1: Principle of a transition structure made of UHPFRC (a) intersection, (b) ground view. 

The functional principle of this new structure is that there is an UHPFRC slab, which can be 
extended without significant resistance. It is fixed at the beginning and at the end. In the free 
length of the UHPFRC slab, the horizontal deformations of the bridge should be distributed 
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uniformly. In winter, this distribution is done by fine cracks and in summer, the compression 
occurs by a uniform strain. 

In case of the bridge in Fehring, the free length (lUHPFRC) is 7.00 m. The UHPFRC slab with a 
thickness of 0.04 m is near to the surface and bonded with the asphalt. Hereby the fine cracks 
are directly transferred to the surface of the roadway. These fine cracks do not influence the 
driving safety. 

On one extremity, the UHPFRC slab is fixed by an UHPFRC beam which is connected with 
the bridge, on the other extremity it is attached to an undisplaceable trough structure. 
Addtionally to the UHPFRC construction a standard drag plate is situated at the end of the 
bridge to cover possible settlement depressions in this zone. 

In winter, the tensile force in the UHPFRC slab has to be anchored. This anchoring is 
achieved by additional reinforcement in the slab as well as in the beams. The UHPFRC beams 
have a thickness of 0.07 m. In the area of the slab, the reinforcement has a concrete cover of 
0.01 m. Therefore, GFRP (glass-fibre reinforced plastic) bars are used in longitudinal direction 
to ensure durability despite a very small cover. The longitudinal tensile force, which occurs due 
to the contraction of the bridge, is transferred to the UHPFRC beams. In the beams, the load is 
distributed by compression arcs which causes transversal tensile forces. These transversal 
tensile forces are transferred and anchored to the bridge and the trough structure via 
transversal reinforcement bars made of steel.  

A homogenous UHPFRC mixture was needed in order to guarantee fine cracks with an 
uniform distribution. For this construction, it is also necessary to reduce the tensile strength of 
the UHPFRC-matrix in order to minimize the forces to be anchored in the trough structure. The 
main reason is the exclusion of displacements of the trough structure, to provide the best 
possible serviceability.  

The second load case for the transition structure is the extension of the bridge in summer. 
Because of the position of the UHPFRC structure near to the surface it is possible that the slab 
buckles. To avoid this, additional UHPFRC webs are included. This must be seen as a security 
measure to heighten the reliability of the structure. As mentioned before, the overall contraction 
of the bridge will be greater than the extension. As a result, the tensile strains exceed the 
compressive strains in the slab and the risk of buckling is significantly reduced. 

3 Conclusions 

The approach of using UHPFRC for the construction of jointless transition structures is novel. 
Therefore, long term experiences are not available at the moment. In order to gain such 
experiences the structure in Fehring is monitored. The first results confirm the planned 
functionality of the system. It is also intended to use this concept for another integral bridge 
(about 101 m), which will be built in 2020. Finally it should be mentioned, that the manageable 
costs of this UHPFRC transition system make it a promising solution for jointless transition 
structures. 
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1 Introduction 

Ultra-high performance fibre-reinforced concrete (UHPFRC) is characterized by an extremely 
dense microstructure and thus very high strengths as well as excellent durability properties. 
This enables a material-saving and weight-reduced, slim construction method that opens up 
completely new possibilities and areas of application in precast bridge construction. In the 
course of the superstructure renewal of an existing old railway bridge over the creek Dürnbach, 
on the railway network of the Tegernseebahn close to the lake Tegernsee in Bavaria, the 
material could now be used for the first time in Germany for a railway bridge in a particularly 
practical and advantageous way. This part 1 of the contribution deals with the background, the 
conception as well as the planning and scientific supervision of the bridge. 

2 Pilot application of UHPFRC in railway bridge construction 

Background 

With a view to the simplest possible construction process and a larger flow cross-section for the 
transferred stream, the aim was to achieve the most slender structure possible with a 
significantly lower construction height compared to a conventional solution. The use of 
UHPFRC made it possible to design a new bridge superstructure that could be lifted onto the 
existing abutments as a comparatively light prefabricated element during a short track closure 
break. For further information see also [1], [2], [3]. 

Conceptual design 

The standard cross-section of the bridge can be seen in Figure 1. 

 

Figure 1: Standard cross section of the EÜ Dürnbach 
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The superstructure of the bridge was realised as a prestressed trough-shaped slab. Thanks to 
the use of the high-performance material, the slab thickness of the bridge under the rails was 
extremely low at only 20 cm. The overall height is only 74 cm and it was possible to integrate 
the ballast holders (with a minimum thickness of only 8 cm) into the component in a load-
bearing manner. Due to the excellent durability properties as well as the high degree of density 
and resistance to mechanical stress, a separate waterproofing and the otherwise required 
protective concrete was not necessary. Together with a new type of flat concrete sleepers, the 
required clearance measured from the upper edge of the rail to the lower edge of the 
construction could be reduced by a total of about 25 cm compared to a conventional concrete 
solution and thus also the required increase in the flow cross-section during floods could be 
achieved. The precast element has a longitudinal prestressing and a transverse post-tensioning 
in the support areas. For the superstructure, a UHPFRC C 150/155 with 2.5 % by volume micro 
steel fibres was used. Conventional bar steel reinforcement was only installed locally and for 
the connection of the ballast holders, which were subsequently concreted in a second work 
step, and - to increase robustness and as minimum reinforcement to avoid failure without prior 
notice - in the central slab area as lower transverse reinforcement. 

3 Scientific investigations and measurement supervision 

In order to be able to determine in particular the losses of the prestressing due to creep and 
shrinkage as well as the development of the hydration heat in the real component, appropriate 
measurement equipment was integrated in the slab and the production was accompanied with 
measurement technology. In addition, a measurement supervision and scientific support in 
railway operation was carried out. Besides that, a test concreting in the mixing plant was carried 
out in advance. In this context extensive accompanying tests to determine the material 
properties and assumed values for the strengths were carried out. Furthermore, a mock-up slab 
element with a full-scale cross-section height of 20 cm was produced and then subjected to a 3-
point bending test until failure, in order to determine the maximum bending moment that could 
be achieved for a fibre orientation similar to that in the later component, as well as the linear 
elastic tensile stress at the edge of the slab when cracking occurred and completed.  

4 Conclusion 

Within the framework of the pilot application of UHPFRC for the railway bridge "EÜ Dürnbach", 
important practical findings and experiences could be gained. The project shows the 
advantages of the construction method, such as the low superstructure height, the possible 
avoidance of coatings and a simple and fast lifting as well as the preservation of the old 
abutments due to the low dead weight. In addition to the laboratory experience, the 
measurement supervision could provide further insights in real operation. 
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1 Introduction 

The bridge “EU Dürnbach” which is located close to the lake Tegernsee in Bavaria is the first 
railway bridge in Germany realized with ultra-high performance fibre-reinforced concrete 
(UHPFRC). The conception and the planning of this extraordinary bridge is described in part 1 
of the contribution. This part 2 deals with the detailed design and the structural engineering. 

2 Project overview 

As reported in part 1 of this contribution the most important task for the renewal was to achieve 
a larger flow cross section for the stream Dürnbach. In addition, a fast construction process was 
necessary due to the short track closure break. For this reason, a modular building method with 
the superstructure as a prestressed trough-shaped UHPFRC-slab (see Fig. 1, part 1), was 
developed. The whole project consisted of five prefabricated concrete elements (see. Fig. 1). 
Due to the lightweight superstructure the lower part of the existing abutments could be 
preserved. On top of the old abutments new substructure precast elements made of normal 
strength concrete (NSC) were placed and connected to the abutments with grout and rebar 
elements. The elastomeric bearings were already fixed to the UHPFRC-superstructure when in 
the following step the precast element was lifted on top of the substructures. After positioning 
the superstructure in vertical direction, the bearing pedestals were grouted. The retaining wall 
precast elements, which are needed to keep the gravel in place, were then positioned next to 
the substructure elements. Due to the excellent durability of the UHPFRC no additional 
waterproofing was necessary so that immediately afterwards the gravel, the concrete sleepers 
and the railway track could be installed. For further information see also [1], [2] and [3] (part 1).  

 

Figure 1: Longitudinal section of the EÜ Dürnbach 
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3 Design phases 

The conception of the solution as well as the conceptional design were carried out by the Chair 
of Concrete and Masonry Structures of TUM in cooperation with the engineering office 
Büchting+Streit AG. Since until today no design rules for UHPFRC exist in German codes, the 
design rules for this project were defined in an expert´s report that was prepared by the Chair of 
Concrete and Masonry Structures of TUM. This report (carried out on the basis of the current 
draft of the DAfStb Code of Practice and international standards) was also needed to obtain an 
individual approval for this bridge, which was issued by the district government of upper 
Bavaria. Based on the expert´s report the structural engineering and the detailed design were 
carried out by the engineering office SSF Ingenieure AG. Max Bögl was commissioned with the 
production of the precast elements, using UHPC Compound of HeidelbergCement AG. 

4 Structural Engineering 

Bearing system 
The bearing system of the superstructure is a single-span slab (see Fig. 1). There are four 
elastomeric bearings on each side of the bridge. One of the bearings is fixed in all directions 
and one is fixed in transverse direction. All other bearings are free to move in every direction. 

Superstructure  
The 52 strands for the longitudinal prestressing were arranged with a minimum distance of 4 cm 
in such a manner that the resulting tensile stresses on the bottom side of the plate in 
longitudinal as well as in transverse directions were reduced to a minimum. In addition, in 
transverse direction six post-tensioning tendons have been used in the support areas to 
minimize the tensile stresses in this direction even more. With a view to achieve the highest 
efficiency of the pre- and posttensioning a construction sequence was developed that 
guaranteed a minimum loss of initial tension due to creep and shrinkage. Because the tension 
stresses on top of the ballast holders (see Fig. 1, part 1) had to be limited, these elements had 
to be concreted in a second step after prestressing the slab. Conventional bar reinforcement 
was used to connect both elements and to transfer the shear forces resulting from shrinkage 
and additional loads. Apart from that, conventional reinforcement was only used in regions of 
splitting tensile forces and as lower transverse reinforcement in the central part of the slab. The 
posttensioning was carried out immediately before the transport to the construction site. 

Detailed design 

Since no design rules exist for UHPFRC in Germany, a couple of additional detailed designs 
had to be made for which typically guideline drawings and construction rules exist. This 
includes for example the definition of type and maximum number of spacers that should be 
used, when the tensile strength of the fibre reinforced concrete is considered, as well as all 
other built-in parts like the anchoring elements for the handrail and the walkway.  

5 Summary 

The structural calculations showed that (due to the minimal cross-sectional dimensions) the 
arrangement of the prestressing and the construction sequence have a big influence on the 
residual stresses in the plate and ballast holders. Therefore, it was not only necessary to know 
the mechanical parameters as tensile and compression strength, but also the creep and 
shrinkage parameters of the UHPFRC used for this project. After all, the detailed design for the 
railway bridge "EÜ Dürnbach" proved that a prestressed trough-shaped superstructure made of 
UHPFRC can be used as an interesting alternative to other typical construction methods for 
small railway bridges.
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1 Introduction 

For the first time in Germany, UHPC was applied for the renewal of an existing railway bridge 
over the Dürnbach creek within the railway network of the Tegernseebahn (Bavaria). Initiated by 
the Technical University of Munich (see part 1 of the contribution), the renewal was carried out 
in steel fiber reinforced UHPC. 

For this, the new UHPC-Compound Effix® Plus by HeidelbergCement AG was chosen. In 
close cooperation with the planning and executive units, the resulting UHPC was adjusted to 
the requirements coming from the dimensioning and furthermore from the manufacturing 
process applied in the precast factory. The following part 2 of the contribution deals with the 
performance of the applied UHPC in fresh and hardened state. 

2 Fresh concrete properties 

Requirements resulting from planning 
Resulting from the dimensioning of the pre-stressed and steel-fiber-reinforced precast bridge 
(2.5% by volume steel fibers, L / D = 12.7 mm / 0.175 mm), a strength class of C150/155 and a 
Young´s modulus of approx. 48,000 N / mm² were required. 

In addition, the demanding requirements for the fresh concrete properties resulted from the 
manufacturing process and previous experience of the manufacturer Max Bögl. Accordingly, the 
mixing time of the UHPC should be less than 5 minutes in the conventional twin-shaft forced 
mixer at the precast factory. A self-compacting consistency with a slump flow of at least 
700 mm and a working time of at least 90 minutes should be guaranteed.  

 
Mix design and performance 
In order to save on silo capacities and due to its performance, the compound EFFIX® PLUS 
from HeidelbergCement AG was used as the mortar matrix of the UHPC. The concrete recipe 
was adapted to the requirements resulting from the project. After adaption, an UHPC with 10% 
by volume basalt (maximum grain size 8 mm) and an w/c ratio of 0.27 was gained. 

During production, the total mixing time of the UHPC in the twin-shaft forced mixer, including 
the introduction of the steel fibers of the precast plant, was less than 5 minutes. This is very 
short for an UHPC. 

The resulting fresh concrete properties are shown in table 1. The self-compacting properties 
were maintained for the entire duration of concreting. No additional compacting was needed. 

 
Table 1: Fresh concrete properties  of the UHPC used for the Dürnbach bridge 

Fresh concrete property (concrete age: 15 minutes) Unit Value 

Slump flow mm 700 

Flow time t500 sec 7 

Temperature °C 25 

Air content % by volume 2.4 
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In total, 8.8 m³ of UHPC were required for concreting the precast element. These were 
combined in four batches of 1.1 m³ in a truck mixer. In order to avoid interruptions during 
installation, two truck mixers were used. The self-compacting UHPC was inserted into the 
bridge formwork with a concrete bucket. Immediately after installation, an curing agent was 
sprayed on the surface and the finished part was covered with foil. 

3 Mechanical properties 

The properties of the hardened concrete were tested at several concrete ages as well in the 
laboratories at the Technical University of Munich as also in Leimen at the HeidelbergCement 
laboratory. A summary of the test results of the concrete used for the bridge production is 
shown in table 2. 
 
Table 2: Hardened concrete properties of the UHPC used for the Dürnbach bridge after water curing at 20 °C 

Hardened concrete property (concrete age: 28 days) Unit Value 

Compressive strength  MPa 165 1) 

Flexural tensile strength MPa 26 2) 

Young´s modulus MPa 47.500 3)  

Axial tensile strength MPa 9 4) 
1) Mean value of 12 individual values; tested on cubes with 150/150/150 mm³  
2) Mean value of 3 individual values; tested on unnotched beams with 500/100/100 mm³  
3) Mean value of 3 individual values; tested on cylinders with d/h = 150/300 mm³  
4) Mean value of 3 individual values; tested on bones with l = 400 mm, cross section 50 mm/50 mm 

 
In order to gain practical knowledge apart from the laboratory, a separate testing of the precast 
element under defined hubloads and crossing speeds took place by the Technical University of 
Munich after installation. The results of the monitoring showed a very good agreement with the 
assumed and calculated values. Thus, the load-bearing behaviour of the bridge was considered 
very positive. 

4 Conclusion 

The successful pilot application of UHPC for the Dürnbach railway bridge illustrates the 
efficiency and possibilities of this construction method. The new bridge superstructure, 
designed as a comparatively light prefabricated part, could be lifted onto the existing abutments 
of the old bridge due to its lower weight compared to a conventional prefabricated part. In 
addition, it was possible to dispense with a separate seal and the otherwise required cap 
concrete due to the good durability properties, the high density and the resistance to 
mechanical stress. Overall, the design with UHPC allowed a reduction of the required total 
height of about 25 cm and thus also the desired enlargement of the flow cross section at high 
water without any adaptation of the existing track position. 

The pilot project has shown that the slender UHPC design, despite the comparatively high 
material costs of UHPC, represents an economically interesting alternative to the conventional 
construction method, especially when weighing up the technical advantages mentioned above. 
Anyhow, a very close cooperation and coordination of all project participants is essential for 
such a successful implementation. 
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1 Introduction 

This paper presents the design example of a 70m long UHPC composite bridge. In SLS 
condition, the calculation sample illustrated the stresses of the precast/prestressed girder at 
transfer stage, at different construction load history and at service stage. In ULS condition, the 
design moment and shear resistances are presented. The example used is an UHPC composite 
bridge (known as the Manong bridge) which has been constructed recently near Kuala Kangsar, 
Malaysia. Figure 1a shows the general arrangement of Manong Bridge which consists of five 
continuous spans with the total length of 308m and total width of 11.5m. Figure 1b shows the 
typical cross-section of the 70m span and it shows each span consists of three UHPC U-girders 
and topped with a 11.5m wide and 200mm thick cast in-situ RC deck. The RC deck will later be 
covered with 50mm thick asphalt wearing surface. The first and fifth spans are 45m long 
whereas the second to fourth spans are of 70m length. The UHPC used for the U-girder has 
characteristic compressive strength of fck = fck,cyl. = 140MPa and characteristic post-cracking 
tensile strength of fctfk = 8 MPa. The composite bridge was designed as simply supported span 
and seated on elastomeric rubber bearings.  

2 Description of UHPFRC U-Girder 

Figure 1c shows that each 70m precast UHPC post-tensioned U-girder consists of twelve 
segments: two anchorage end segments (i.e. 5m long and weight 15.7 tonnes each); two 
anchorage end-internal segments (i.e. 6m long and weight 18.2 tonnes each) and eight internal 
segments (i.e. 6m long and weight 15 tonnes each). The U-girder consists of two 125mm thin 
webs, a 100mm thick bottom flange and they are post-tensioned with six external tendons of 
27K15 strands and two internal tendons of 7K15 strands at the top flanges to ensure the joints 
are always in compression during prestressed transfer and service stages, no tensile stress is 
permitted in all the joints. The strands used are a seven-wire, low-relaxation type with diameter 
of 15.24mm with minimum breaking load of 260kN per strands. All the tendons to be stressed 
up to 75% of the breaking load and the 5% of immediate losses during stressing is taken into 
design. Unlike conventional concrete beams, this UHPC U-girder does not have any shear 
reinforcement at any part of its thin webs. There are only busting links at the anchorage zones 
and horizontal shear studs at the top flanges which acts as a shear connection to the cast in-
situ deck and U girders.  

3 Design Method 

The applied design loads in this work example according to BS:EN 1991-2-2003 [2] are 
presented in Table 1 and the design bending moments and shear forces are presented in 
Table 2. The partial factor for the load cases is taken according BS:EN 1990:2002 [1]. The load 
cases were analyzed by using the MIDAS civil software to get the bending moment and shear 
forces. 
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(a) 

  
            (b)                (c)  

Figure 1. (a) Elevation view, (b) cross-section of Manong Bridge and (c) typical cross section of U-girder. 

Table 1. Applied design load on bridge girder 

 Load History Load (kN/m) SLS Factor [1] ULS Factor [1] 

G1 Self-weight of U-girder 27.0 1 1.35 

G2a Self-weight of internal slab (B=4m) 19.60 1 1.35 

G2b Self-weight of external slab (B=3.6m) 17.64 1 1.35 

G3 Parapet load  10.0 1 1.35 

G4a Internal deck surfacing (premix) 5.52 1 2.0925 

G4b External deck surfacing (premix) 4.485 1 2.0925 

Q LM1+LM3 SV80 Refer to [2] 1 1.35 

Table 2. Design bending moments and shear forces 

 Load History Edge Beam (Governing Values) 

 SLS ULS 

Moment (kNm)  Shear (kN) Moment (kNm) Shear (kN)  

G1 SW of U-girder 16538 945 22326 1276 

G2a SW of slab 10805 631 14586 834 

G3 Parapet load  4196 363 5665 490 

G4a SIDL (premix) 2950 164 6174 344 

Q LM1+LM3 SV80 19884 1414 26844 1909 

 Total SLS MSLS+  = 54372 VSLS  = 3518 - - 

 Total ULS - - MEd = 75593 VEd = 4852 

4 Conclusion  

In the SLS check, the UHPC composite bridge has satisfied all the stress limit criteria. The 
instantaneous deflection due to live load is less than the allowance deflection limit. The design 
cracking moment capacity is Mcr = 66615 kNm which is larger than the SLS maximum moment 
MSLS  = 54372 kNm. The design moment resistance is MRd = 104,792 kNm which is greater than 
the design moment effect MEd = 75593 kNm. The design shear resistance is VRd = 7923 kN 
which is greater than the design shear force effect VEd = 4852 kN. The use of UHPC girder in 
the bridge construction have enhanced the construction technology in the aspect of time and 
cost efficiency. The UHPC girder can achieve a long span with the shallower girder depth and 
reduce the number of piers which can significantly reduce the construction cost. UHPC is 
resistance to chemical attack, in result it can maximize the service life of the bridge. 

References 

[1] BS EN 1990:2002: Eurocode-Basic of structural design, 2002 
[2] BS EN 1991-2:2003: Eurocode 1– Action on structure - part 2: traffic loads on bridges, 2003 



Session A7: Modelling 

127 
 

Shear strengthening of prestressed concrete beams with 
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1 Research description  

Research relevance  

The growing need for strengthening of concrete structures to improve their structural 
performance challenges engineers to come up with a strengthening technique that is most 
effective, economical and such that out-of-use periods of these structures are minimized. The 
use of novel cement-based materials such as Ultra High Performance Fibre Reinforced 
Concrete (UHPFRC) might be promising in this respect due to its exceptional material 
properties, in particular, strain-hardening behaviour in tension, high compressive strength, 
excellent durability and compatibility with existing concrete. UHPFRC, which can be applied 
either as cast-in situ overlay or as prefabricated laminate, might lead to an effective and easily 
applicable strengthening solution. 

Research approach 

In order to investigate the effectiveness of using UHPFRC in shear strengthening of prestressed 
concrete elements, a numerical study was performed with ATENA FEM-software [1]. The post-
tensioned T-girders of the Helperzoom bridge, Groningen, the Netherlands were chosen as 
reference case for this study. First, the reference beam (T-R0), without strengthening, was 
modelled. The beam was subjected to 3-point flexural testing such to determine its shear 
capacity. Simulated results of the reference beam were verified with experimentally obtained 
results from the literature in which similar girders were tested. Second, a detailed numerical 
study was performed to understand the shear behaviour of the reference beam. The 
contributions of shear reinforcement and prestressing strands, active in the critical shear region, 
to the shear capacity and the final failure mode were investigated through performing a number 
of simulations on imaginary beams in which the amount of shear reinforcement and 
prestressing strands was reduced compared to the reference beam (samples labelled as T-R1, 
T-R2 and TR-3). Shear capacities for these beams were also verified by Huber’s analytical 
model [2]. Finally, the effect of strengthening by applying perfectly bonded layers of UHPFRC at 
both sides of the web was investigated for the reference and imaginary beams (Fig. 1).  

 

 

Figure 1: Configuration for strengthening a T-beam (a) cross-section & (b) part of the span (NSC=Normal 

Strength Concrete). 

a) b) 
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2 Numerical results obtained with ATENA 

In the following, the outcomes of numerical simulations are compared for reference beams (R-
series) with strengthed versions of the reference beams (U-series). The T-beams were 
strengthened with the UHPFRC composite on both sides of the web in the U-series. Perfect 
bond is assumed between the beam and the UHPFRC composite. The composite is added in 
the shear span of the beam, i.e., from 0.96 m from the left-hand support till the loading point. 
The direct tensile behavior of UHPFRC was assumed with a tensile strength ft of 7.0 MPa, an 
ultimate tensile capacity fut of 8.0 MPa (at a strain of 2.5 promille) and a maximum strain of 3 
promille. 

The numerically predicted shear capacity of the reference beams (without strengthening) 
was found to be close to that calculated with the Flexural Shear Crack Model [2]. Figure 2 
compares the load-deflection curves for reference and strengthened beams T-R0 (Fig. 2a) and 
T-R3 (Fig. 2b). TR-0 beams comprise of original reinforcement configuration, whereas in T-R3 
beams, shear reinforcement and inclined prestressing cables crossing the shear span are 
removed. In T-R0 beam, although a critical shear crack opens at a load of around 1300 kN, this 
crack does not develop into failure mechanics, but the beam ultimately fails in shear 
compression failure at the load of around 1900 kN. On the other hand, the failure mode of the 
reference beam T-R3 is shear tension failure. It is found that the strengthening enabled a 
flexural failure for all simulated cases. However, the effectiveness of the strengthening varies, 
being the largest for the beams with the lowest initial shear capacity. The change in 
configuration of adding the UHPFRC - bonding UHPFRC to only the web region of the T-beam - 
showed the same effect as bonding UHPFRC to both the flange and web regions of the T-
beam. The study also showed that the strain-hardening property of the UHPFRC material can 
be effective to prevent brittle shear failure and to increase the ultimate load-bearing capacity.  

 

  
 

Figure 2: Comparison of load-deflection curves for reference beams and for the same beams, which were 

strengthened with UHPFRC (a) T-R0 vs T-U0, (b) T-R3 vs T-U3.   

3 Conclusions  

Although these results still need to be further verified by experimental testing, they confirm the 
potential of UHPFRC strengthening, but also highlight the need for thorough and accurate 
assessment of the structural behaviour and capacity of the existing structure prior to 
considering any strengthening method. 
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Energy-based determination of maximum force to be 
transferred by bond 
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1 Differential Equation of Bond 

A mechanical model introduced in [1] describes the bond behaviour between steel and concrete 
under cyclic loading, taking into account energy dissipation. An analytical model introduced in 
[2] leads to the well known differential equation of bond:  

 
 (1) 

The relationship between the second derivative of the slip  and the bond stress t  is 

based on a constant  which implies the contact area U between the two materials, the elastic 

moduli ratio (aE) and the cross sections ratio (reff) of both.  

2 Energy-Based Description of Bond Behaviour 

Following an idea of the first author it is possible to formulate the equation in terms of the first 

derivative of the slip  and moving all parts of the equation tho the left side. Partial integration 
and separation of variables leads to the following expression. 

 
 (2) 

The right side of this expression represents the area under the bond stress-slip law between 

two values x2 and x1 of slip at the sections  and . This side can be seen as a length specific 

bond energy  or work done when increasing the slip from to . The left side of 

equation (2) represents the energy or work of strains e. The first derivative of  (along the -
axis) is the strain difference between the two materials. The difference between the squares of 

the strains at the positions  and  corresponds to the energy due to the stresses and strains 
for both materials at the mentioned positions. Figure 1 shows the mentioned relationships 
which, like equ. (2), imply linear elasticity for the two materials, and the same bond stress-slip 
law for each section along the reinforcement. 
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Figure 1: Strain and bond energy relationship between the concrete and the reinforcement for any given load 

3 Energy-Based Determination of Maximum Force to be transferred by Bond 

The proposed energy-based approach enables to compute the maximum possible force to be 
transferred by bond without solving the differential equation explicitly. Besides the elastic and 

geometric properties expressed by the coefficient , it is sufficient to know the ultimate bond 
energy  while the shape of the bond stress-slip law plays no role in this regard. 
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At the loaded section of the reinforcement the strain difference has a maximum value and at 
the unloaded end section it is equal to zero, because here the strains of both materials are 
equal. Using the left side of equation (2) it is possible to calculate the strain energy which must 
be smaller than - or equal to - the ultimate bond energy.  

If, however, the required transmission length or the distribution of the strains (or that of the 
slip) is the objective of the calculations, further considerations become necessary. This is also 
the case when the required bond length exceeds the possible length available in a structure. In 
this regard, it should be noted that the bond stress-slip law influences how “fast” the strain 

difference is reduced along the reinforcement position and how “fast” the slip is reduced from  
(at the loaded section) to zero (at the unloaded section). Figure 2 shows the development of the 
bond length for three different bond stress-slip laws (decreasing, constant, increasing with the 

slip) for the same value of the bond energy . The relationships presented here can also be 
applied to treat bond of reinforcement in UHPC, reinforcement glued to concrete or masonry, 
long fillet welds, and long connections in steel structures with many bolts in one line after each 
other.   
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Figure 2: Bond length, slip, strains and bond stresses for same bond energy but different bond stress-slip laws 

4 Conclusions 

In this paper, it has been concluded that the specific bond energy  is the only parameter – 
and not the shape of the bond stress-slip law – which is decisive for the quantification of the 
maximum force to be transferred by bond. The proposed energy-based approach can help to 
find the slip, strain and stress development along the bonded length and the required 
(activated) bonded length by solving the differential equation of bond. In the case of short 
existing bonded length, where the slip at the unloaded end is not equal to zero, further 
considerations are needed. The proposed approach can be extended to any long connection, 
whatever the bonding materials are. 
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Experimental research on grouted connections for offshore 
wind turbine structures using UHPC 
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1 Introduction and objectives 

The effect of using different fibre ratio as well as the effect of increasing the thickness of the 
grout on the behaviour of the connection are analysed and discussed in this paper. Five 
specimens (SHC-20N-Q0, SHC-20N-Q1, SHC-20-N-Q2, SHC-30-N-Q1, and SHC-30-N-Q2) 
were tested for this purpose. UHPC M3Q mixture (appr. fc = 180 MPa) with a fibre ratio of 0, 1 
and 2% by vol. for specimens SHC-20N-Q0, SHC-20N-Q1 and SHC-20-N-Q2 was used as a 
grout for these tests. To study the effect of increasing the thickness of the grout, specimens 
SHC-30-N-Q1 and SHC-30-N-Q2 were tested. The tests were performed at the Institute of 
Structural Engineering Laboratory at the University of  Kassel. 

2 Fabrication of test specimens 

The trapezoidal shaped shear with a height of 3 mm and a width of 10 mm were created by 
drilling on the pile and sleeve. Figure 1 shows the shear keys shape, specimen with 20 and 
specimen with 30 mm. 

 
Figure 1: The dimension of specimens with grout thickness of 20 and 30 mm. 

UHPC M3Q mixture was elaborated at Kassel University during the work on the priority 
programme (SPP1182) of the German Research Foundation. The M3Q mix provided an 
average  compressive strength of concrete cylinders at about 180 MPa . Only one type of steel 
fibres with a length of 13 mm and a diameter of 0.175 mm was used for all tests with equal 
tensile strength of 2500 MPa.To assure that the steel tubes remained concentric during the 
process of concrete pouring a wooden template was manufactured on an European pallet. 
Figure 2 shows the specimens during the fabrication and after pouring the concrete. 

 

Figure 2: The specimens during the fabrication and after pouring the concrete. 
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Reference tests have been done to control the quality of the mix and to make a comparison with 
other previous studies. Reference tests referred to testing of fresh grout by slump cone test and 
testing of hardened grout by compressive strength test, direct tensile test, splitting tensile test 
and flexural strength test. 

3 Loading and experimental test procedures  

Thirty-six strain gauges were installed in both the axial and hoop direction and placed at 120° 
spacing around the sleeve and pile perimeter. The relative axial displacement of the connection 
was recorded by using four Linear Variable Differential Transducers (LVDTs) which were 
located at 90° apart from each other. The specimens were tested in a universal hydraulic 
testing machine with a capacity of 6.3 MN. The specimens were loaded till the connection 
failed. The load was applied with a constant displacement rate of 0.002 mm/s. Mostly, it was 
observed that the performance of the specimens, after the peak at a displacement of 5 mm, had 
no significant change with time, therefore, the displacement rate then was increased up to 0.02 
mm/s. 

4 Test results and discussions 

The results of the tests show that the stiffness of the grouted connection was somehow affected 
by the fibre ratio for specimens with grout thickness of 20 mm while there is not a significant 
increase in ultimate load or in ductility for connections with 20 mm grout thickness. However, for 
specimens with grout thickness of 30 mm, there was a significant increase in ultimate load and 
ductility while the stiffness of the grouted connection was not affected by the fibre ratio for these 
specimens. Furthermore, the specimens with grout thickness of 30 mm have the same general 
shape of axial load-displacement curves.  

 

Figure 3: Load-displacement curve for the specimens. 

5 Conclusions  

Five specimens were tested to study the effect of using different fibre ratio and the effect of 
increasing the thickness of the grout on the behaviour of the connection The test result 
indicates that there is a fibre ratio effect for the grouted connection with 30 mm and 20 mm 
grout thickness, which enhances the behaviour of the grouted connection.  
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Use of UHPFRC as waterproofing & bridge reinforcement 
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1 Waterproofing of a railway bridge   

Choose of UHPFRC as waterproofing 

The Kanderviadukt is a railway bridge built in 1911 on the North-South axis from Lötschberg in 
Switzerland. It is a single-lane natural stone viaduct with 11 arches and a length of 280 m. In 
2017, the bridge sealing was renewed with a 3cm layer of UHPFRC.  

The engineer office (B+S AG Bern) suggested to the project owners to use a UHPFRC layer 
instead of a standard sealing due to the multiple advantages of this solution: independent of 
weather conditions, no protection needed between the sealing & the ballast, and insurance of 
successful project completion during the allotted time. In addition, the UHPFRC offers a 
significantly longer protection (reduction of the Life-cycle cost). 

 

Realization 

The entire rehabilitation of the bridge was carried out by Walo Bertschinger AG in a two-month 
intensive construction phase with a complete closure. The important elements of the project 
were the renovation of the concrete gravel trough, the local repair of joints in the natural stone 
masonry, the adaptation of the trough drainage, and a complete sealing.  

The complexity of the project was to install different types of UHPFRCs with different flow 
characteristics. A fluid self-consolidating mix was poured in the formwork and a thixotropic 
formulation was placed on the top of the edges to hold the bridge slope (Fig. 1). This surface 
has been inlayed with gravel as it will be used for structural maintenance and as escape route. 
After the protection of the edges, the full length of the bridge was  paved in one day (Fig. 2).  

More than 120 m3 of UHPFRC were produced and transported in a very limited construction 
area. Thanks to a great organization, cooperation between all parties and the use of UHPFRC, 
the project deadline was met and the traffic was able to resume on schedule. 
 

    
Figure 1: Preparation work for UHPFRC Figure 2: UHPFRC paving  
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2 Bridge reinforcement   

Thanks to the high mechanical characteristics of the UHPFRC, the reinforcement of existing 
structures can be thought off in a new way. Thin bonded overlay layers can be placed on the 
deck  to reinforce and to seal the structure. It is also possible to use the material in highly  
stressed areas  to simplify the working steps or to limit the space required for reinforcements. 

During the renovation of the  Aufgeständerte Schwarzwaldalle bridge in Basel (CH), it was 
necessary to reinforce the upper layer of the deck due to  tension. As the room to work was 
really restricted (rehabilitation under traffic), a UHPFRC Category UB (4% fibers) was chosen to 
reduce the length of rebar anchorage to 15 time the diameter of the rebars (according to Swiss 
standard [1]).  

Since the Swiss standard indicates that reinforcing bars with a diameter of 8 mm to 20 mm 
are generally used, additional tests needed to be carried out to understand the rebar 
development of  larger diameter. The samples cast on site during the renovation and under the 
same conditions, showed that the failure systematically and repeatingly took place in the 
reinforcing bar (Fig. 3). Those tests allowed the engineer Aegerter & Bossardt AG Basel to 
validate the development length of the rebars and  to control the quality of the product poured 
on site. 

 

        
Figure 3: Failure in reinforcing bar Figure 4: UHPFRC overlay paving  

 
An UHPFRC overlay layer with a thickness of 4 cm was installed  on the entire bridge deck in 

order to increase the load carrying capacity of the bridge (Fig. 4). 

3 Conclusions  

UHPFRC allows a new way of thinking for the rehabilitation or the construction of bridge 
structures. The durability and the independence of weather conditions ensure a reduction of the 
construction  duration. The structural performance of the material reduces the impact of the 
reinforcement and allows the project owners to extend the service life of existing structures. The 
watertightness efficiency of the UHPFRC has been proved on many projects since 2004 in 
Switzerland. 
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Floating UHPFRC rafts for shellfish farming 
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1 Introduction 

Nearly 45% of the EU mussel is produced in Spanish estuaries using a floating raft system 
made with eucalyptus wood. This 540 m2 structure has a reduced lifetime and a high carbon 
footprint associated to the protection coatings. In 2015 the company RDC developed a raft 
(Utility Model noES1147609U) made with Ultra-High-Performance Fiber-Reinforced-Concrete 
(UHPFRC) precast prestressed beams. The peculiarity of this application, under continuous 
movement in Aggressive Exposure Environment (EAE), made very convenient the installation of 
continuous site monitoring to control the evolution of its durability. In 2019, there are already 
more than 5.000 m2 under operation and proving high resiliency and very low maintenance 
costs. 

2 UHPFRC floating rafts 

Design 

Wooden rafts are used in Spain since 1900 due to their reduced purchase cost, lightness and 
flexibility. The structure produces up to 100 tons/year. However, its use has three main 
disadvantages: (i) Economic: it has an average durability of 12 years and needs periodic 
investment in maintenance. (ii) Industrial: each raft is built manually through a high-risk job in 
the inter-tidal zone using hammers. (iii) Environmental: it implies intense deforestation and the 
degradation of the wood and the products used to protect it cause water pollution. 

A UHPFRC structure was designed with the same geometry as the wooden raft (20x27 m, 
Fig. 1), with 6 primary beams and 10 secondary beams (slenderness of 89 and 120 
respectively) and with comparable weight (56 t), mechanical capacity and flexibility, but with the 
required resistance to the Aggressive Exposure Environment of the sea (XS2, XS3). The 
connection between the beams is bolted through a polyethylene prism that provides certain 
degree of flexibility, necessary to reduce the stresses produced by the continuous stochastic 
actions. Besides of the capacity under service, the design of the beam geometry and 
prestressing is constrained by several factors: (i) The release of the strands in production 18 h 
after casting, (ii) The handling of the beams during the assembling, (iii) The need of a minimum 
width to have a safe corridor for the farmers, (iv) The potential impact of a boat with the surface. 

  
Figure 1: Traditional wooden raft (left) and UHPFRC raft floated in Valencia port (right) 

 
The elements are produced at the precast company PREFFOR. The top face of the beams is 

textured to avoid slipping and the beam edges are rounded to reduce the friction with the ropes 
(Fig.2, left). The self-compacting UHPFRC fulfils the mechanical and durability requirements 
defined at the French Norm NF P18-470. 
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Figure 2: Detail of a connection (left) and placing of a beam (right) 

UHPFRC rafts under service 

The first raft was floated in October 2016. The sensors are proving no risk of corrosion in the 
beams, providing a resistivity more than 100 times higher than the value of the reference (a 25 
MPa concrete beam on the raft). Periodic inspections to the farms have proven that the beams 
remain uncracked, as defined in the design, and only small rust spots are appreciated due to 
the corrosion of the fibers in contact with the surface. The UHPFRC connections have proven 
that they do not need retightening of the bolts as required for the wooden structures.  

Future 

In 2019, the European Commission launched the Blue Economy Report to support the 
sustainable development of the Blue Growth economy. The development of resilient and 
affordable infrastructures for the sectors of energy and aquaculture in open waters is crucial. 
Considering this, RDC is adapting now the design of the UHPFRC floating structure in the 
project OpenMode-863562 (co-funded by the European Maritime & Fisheries Fund (EMFF)). 
The new floating module has 140 m2 and is adapted for open waters, connectable and sensor-
equipped. The modules will measure remotely up to 14 parameters, correlating durability, 
mechanical, weather and water quality data. The project will test the capacity with eight pilots 
floated in five countries across three EU sea basins. 

3 Conclusions 

UHPFRC is an optimum material for a raft, a structure that needs to be light, slender and 
durable. The Integrated Sensor Network and cameras are proving their resiliency, so they are 
demanded by the Galician farmers because they are proving to minimize the operating 
expenses, being the most economical solution from the mid-term. The progress of the 
production experience curve for the aquaculture sector has led to a further development of the 
structure for multi-marine uses in open waters, which is now being tested under different 
marine, water and climate conditions.   
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Austrian UHPFRC – from mix design to applications 
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1 Introduction 

The great potential of Ultra High Performance Fibre Reinforced Concrete (UHPFRC) is widely 
known. A large number of research activities and application have confirmed that UHPFRC can 
be used, on the one hand, to build lightweight and sustainable structures and, on the other 
hand, to strengthen existing structures durably with low material input ([1], [2]). However, the 
realisation of structures made of UHPFRC is still challenging for the construction industry 
nowadays, as there is still a lack of guidelines and experience with this material. In recent years 
several applications have been realised under various conditions where experiences could be 
gained. Some selected projects as well as reference values for a robust mix design considering 
the special properties of UHPFRC are described below.  

2 Mix design 

Mix design of UHPFRC mainly depends on the required tensile properties. Therefore, the steel 
fibre content and the fibre geometry have to be selected in order to ensure the required post-
cracking tensile strength. Depending on the fibre reinforcement, a certain amount of paste 
(particle size smaller 125µm + liquid) is necessary for a stable mixture with homogeneous fiber 
distribution, especially if self-compacting properties are desired. The higher the fibre factor 
(aspect ratio lf/df x fibre content ρf), the better is the post-cracking tensile strength and the 
higher is the required paste volume. It should be noted, that an optimized paste composition 
regarding packing density and material compatibility is necessary for an efficient mix design.  

Table 1 presents some reference values for the fibre factor and the paste volume depending 
on the required post-cracking tensile strength. Furthermore, a minimum cement content (CEM I) 
is shown to obtain a compressive strength fck of 150 MPa. The listed values are differentiated 
with regard to the use of fine or coarse grain UHPFRC. In the case of high requirements for 
post-cracking tensile strength, such as strain-hardening, usually fine grain UHPFRC will be 
preferred. Using coarse grain UHPFRC makes it possible to reduce the required amount of 
paste, which has a positive effect on material costs, hydration heat and shrinkage. In general, it 
is also possible to achieve a high post-cracking tensile strength with coarse grain UHPFRC. 
However, a higher paste content is needed and, as a result, the quoted advantages of coarse 
grain UHPFRC could not be taken into account. Consequently, no coarse grain UHPFRC with 
high post-cracking tensile strength is stated in the following table. The presented values are 
consistent with the recipes of the projects described below as well as many other applications 
that have already been realised.  The post-cracking tensile strength refers to fiber orientation 
conditions which are usually obtained with micro steel fibers in bending tensile tests on thin 
plates. 
Table 1: Reference values for UHPFRC mix design 

 
Fine grain UHPFRC  

(max. grain size <1 mm) 
Coarse grain UHPFRC 
(max. grain size >1 mm) 

Required mean post-cracking 
tensile strength [MPa] 4 7 10 - 4 

fibre factor [lf/df . ρf] > 0.4 > 1.0 > 1.8 - > 0.4 

paste volume [litre/m³] > 520 > 570 > 650 > 450 > 500 

cement content [kg/m³] > 600 > 700 > 800 > 480 > 550 
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3 Recent applications 

The following projects present some applications of UHPFRC which have been realised in the 
past years. The mix design was developed by the Institute of Structural Concrete, Graz 
University of Technology. It is based on the approach described in [3], whereby the material 
composition was modified to the framework conditions of the project. 

UHPFRC-steel composite bridge 

An existing single-track railway bridge, more than 100 years old, was replaced by a more 
modern structure. The new bridge was designed as a trough bridge with steel-UHPFRC 
composite slab to ensure that the bottom edge of the structure does not fall below the 
predefined limit. The span width is 8.46 m and the construction height is 0.82 m (0.17 m slab 
thickness). Puzzle shaped composite dowels are used for a sufficient shear resistance of the 
slab. The UHPFRC was produced in a stand-alone mixer next to the structure.  

Reinforcing and waterproofing UHPFRC-layer for an overpass bridge  

UHPFRC was used as a waterproofing and reinforcing layer for a two-span road bridge with a 
total length of 37.5 m in Germany. In order to guarantee the impermeability of the 7 cm thick 
UHPFRC layer, the requirements for the properties of the hardened concrete were high. 
Therefore, an UHPFRC with 3 vol.-% of fibres and a compressive strength fcm,cube of 168 MPa 
was applied. The slab has a slope of 3.5%, which requires thixotropic fresh concrete properties. 
The UHPFRC was produced in a concrete plant and cast on site.  

Prefabricated edge beams  

Edge beams of bridges are exposed to very strong environmental influences, which means that 
they frequently have to be rehabilitated or renewed. In order to prevent this problem, an edge 
beam made of prefabricated UHPFRC elements was used in the course of a bridge 
rehabilitation.  An innovative dovetail connection enabled an easy mounting of the elements. 
Grit was sprinkled on the surface of the edge beam to ensure the necessary grip. 

Transition structure of an integral bridge 

UHPFRC was used for the transition structure of a 90 m integral bridge in Austria. The 
longitudinal deformation of the bridge can be dissipated by the UHPFRC construction via finely 
distributed cracks. The thickness of the slab is 0.04 – 0.07 m. The UHPFRC was mixed in a 
conventional concrete plant, transported with a truck mixer and finished with a vibrating beam at 
a slope of 2.5%. 

4 Conclusion 

This contribution presents some successfully realised projects which make use of the 
outstanding properties of UHPFRC, such as high compressive strength, durability, ductility and 
impermeability. It could be shown that the field of application of this material can be very 
diverse. In addition, reference values are presented for a robust mix design depending on the 
required tensile properties.  
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1 Introduction 

A wide range of studies is available, focusing on how the inclusion of fibres influences the 
strength properties of UHPC. A review article covering 26 such papers were presented at the fib 
congress 2018 [1]. It is concluded that the results span widely between the investigations. 
Hybrid configurations of different fibre types are frequently claimed to cause positive synergetic 
effects [2], where microfibres are expected to reduce the propagation of initial cracks in the 
weaker interfacial transition zones of the UHPC matrix. Macrofibres are explained to span larger 
cracks and thus maintain the material continuity during deformation of the structural members. 

This paper presents an investigation on how compressive strength and flexural tensile 
strength is impacted by the inclusion of three alternative configurations of differently shaped 
steel fibres while keeping the fibre content constant at 2 vol.-%. The crack propagations were 
documented by the use of a Digital Image Correlation camera system (DIC) during the whole 
loading process where the beams were loaded in a three-point bending test until failure.  

2 Experimental program 

The fibre configurations were denoted SS (straight micro fibres only, l/d=13mm/0.2mm), HE 
(hooked-end only, l/d=50mm/1mm) and HY (a hybrid combination of 50% SS and 50% HE). 24 
cubes (100 mm) were cured in water at 90 °C for 72 hours (including gradual increase and 
decrease of temperature) and then tested for compressive strength according to NS-EN 12390-
3:2009 after a total of 28 days curing. 24 beams (500 mm x 100 mm x 100 mm) were cured in 
water at 20 °C for 7 days and then exposed to a three-point bending load until failure.  

3 Experimental results and discussion  

All results are average values from 6 to 9 cubes or 5 to 8 beams. Prior to this, outlying results 
deviating more than 10% from the average were excluded. The variations in compressive 
strength were found to be <3.5% between the varying fibre configurations (Figure 1). Also, 
results from other published studies have found a relatively low level of influence <10% on 
compressive strength (e.g. [3, 4]), for the same type of investigations. 

 
Figure 1: The effect of fibre configuration on compressive strength and flexural tensile strength. 
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The variations in flexural tensile strength due to fibre configuration was considerably larger; 
around 60% higher with SS than with HE. This difference seems not easily explained by straight 
shape being better than hooked-end. However, the differences in the volume of each fibre 
cause the number of SS fibres to be approximately 100 times that of HE fibres. The probability 
of any initiated crack to be spanned by fibres is thus much higher with SS, compared to the 
situation with the low number of fibres present with HE. The reduced number of cracks being 
able to propagate unhindered from initiation might explain the higher capacity for tensile 
strength with SS. Additionally, a high amount of fibres reduces the sensibility towards 
unfavourable fibre orientation. HY was found to perform correspondingly to SS, indicating a 
potential for an optimum hybrid configuration.   

Some typical crack patterns recorded by the DIC are shown in Figure 2. At the load level 
immediately before the failure of the HE beams, the SS and HY beams showed only minor 
tendencies of cracking, while HE had typically a few severe cracks (Figure 2 a). Thus, the DIC 
recordings documented the increased capacity of SS and HY, compared to HE. 

 

 
a) Constant load level for all beams. 

 

 
b) Immediately before failure for each beam. 

Figure 2: Typical crack patterns derived from measurements of major principal strain registered by the DIC.  
 

Immediately before the failure of each beam (Figure 2 b), the beams with SS and HY typically 
developed a high number of distributed cracks with a smaller width than the fewer cracks before 
failure with HE. 

4 Conclusions  

Based on this study, the following conclusions can be drawn: 
1. The impact on compressive strength from variations in the fibre configurations was found 

to be <3.5%.  
2. The inclusion of 2 vol.-% straight steel microfibres (SS) improved the flexural tensile 

strength by 60%, compared to the inclusion of 2 vol.-% hooked-end (HE) macro fibres. 
3. Immediately before failure in bending, the beams with SS configuration exhibited 

multiple cracks of small width, compared to the few and larger cracks with HE 
configuration.  

4. The benefits of SS to HE is believed to be caused by the superior number of fibres. 
5. Hybrid fibre configuration (HY) were found to perform correspondingly to SS 

configuration, neither improving strength nor reducing crack width further. 
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1 Introduction 

UHPFRC can preferably been used for lean and thin-walled structures due to its very high 
compressive strength. The combination of weight reduction and high slenderness make 
UHPFRC-structures susceptible to cyclic loading. Although the post-cracking tensile strength of 
UHPFRC under static loading is examined quite well, fundamental research on the damage 
propagation during fatigue loading is missing. Within the DFG-founded priority programme 2020 
the degradation behaviour of UHPFRC under cyclic tensile loading is studied both 
experimentally and numerically. In order to achieve the objective of understanding the 
microphysical fatigue behaviour, methodical graduated experimental investigations of raw fibre 
material, plain UHPC, single and multiple pull-out tests as well as UHPFRC tensile tests have 
been conducted. Certainly, this paper focuses on the degradation processes that can be 
detected by multiple pull-out tests (groups of fibres). Simultaneously to the experimental 
programme, 3D finite element analyses are conducted to examine the damage mechanisms 
and processes regarding the deterioration of the bond behaviour on the mesoscale.  

2 Experimental Investigations 

The test programme contains multipe pull-out tests (groups of fibres) of straight, smooth micro 

steel fibres (  out of UHPC 

 under monotonic (VMS) and cyclic (VMZ) loading (single amplitude, 

sinusoidal, . The desired embedded length is le = 6.50 mm (= lf/2) and 

the angle of fibre alignment (α = 30°, 60° and 90°) is varied. Figure 1 shows the test specimen 
(left) and the σ-δ-curves (right).  
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Figure 1: Test specimen (left), pull-out curves with schematic load changes (centre), concrete canals (right) 

In both monotonic and cyclic pull-out tests, a gradual fiber pull-out always occurred. Exceptions 
were pull-out tests with a fiber alignment of 60°, in which fiber rupture occurred occasionally. 
Afterwards the surfaces with the cones of breakout (concrete canals) have been examined by 
digital microscopy. With regard to the angle of alignment, a pronounced cone of breakout could 
be observed at 30°, a very small cone of breakout at 60° and no cone of breakout at 90° in all 
monotonic as well as in all cyclic pull-out tests (figure 1, right). The cone of breakout is the 
reason why the pull-out resistance in pull-out tests with 30° aligned fibres is lower compared to 
the pull-out tests with 60° and 90° aligned fibres. 

α = 30° α = 90° 
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3 Numerical Simulations 

Numerical analyses concerning the stress distribution around the embedded fibre rotated by 
different angles as well as the bond behaviour are conducted. Therefore, a new bond model is 
developed operating geometrically and physically non-linear on the mesoscale. This bond 
model is discretised with two-dimensional zero-thickness interface elements in the bond zone, 
which act in three-dimensional space and store the deformation and stress history of the bond 
layer on the surface of the surrounding concrete matrix [2]. Being in contact with the fibre 
surface, the bond response is calculated in dependency on the relative displacements of these 
surfaces. Simulating the full pull-out of a fibre from a concrete matrix within the theory of small 
strains, the mesh has to be flexible with respect to moving surfaces. Therefore, a repetitive 
mapping of the interacting fibre and matrix surface nodes is incorporated in the iterative 
calculation of every time step. The creation of bond forces due to the progressive fibre pull-out 
is modelled according to the theories of elasto-plasticity and continuum damage mechanics and 
separated by the relevant bond phases rigid and sliding bond [3]. The accumulated bond zone 
damage representing inelastic relative displacements in the bond layer displays the degradation 
of the capable bond stresses and can be evaluated in terms of cyclic tensile loading (figure 2).  

      
Figure 2: Numerical Simulation of oblique single-fibre pull-out tests (following [4]) 

4 Conclusions and Outlook 

The pull-out tests subjected to both monotonic and cyclic loading show fibre pull-out as well as 
fibre rupture. For the future, the capacity of oblique-angled fibres bridging widening cracks will 
be investigated in comparison to orthogonally bridging fibres and according to the interaction of 
neighbouring fibres with different embedded lengths and orientation.  
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1 Introduction 

It is well known that the tensile response of UHPFRC is governed by the fibre content and 
orientation [1], [2]. This leads to an anisotropic tensile behaviour that needs to be characterized, 
especially in the case of thin elements or thin layers without conventional steel reinforcement. 
Here we present further developments on a non-destructive test (NDT) method [3] that allows 
determining suitable fibre content and anisometry indicators. 

2 Non-destructive method 

Fundamentals 
The NDT method consists on measuring the inductance of the magnetic circuit generated by 
placing a U-shaped inductor (or probe) over a UHPFRC layer (see Figure 1). In reference [3] is 
shown how to obtain the relative magnetic permeability of the composite, μr,i, from the 
inductance measurements. It is also shown that μr,i is solely governed by the fibre fraction. 

  
(a)  (b) 

Figure 1: NDT method (a) magnetic circuit constituted by probe and UHPFRC layer; and (b) measurements 

on a 30mm thick UHPFRC plate. 

Determination of the fibre volumetric fraction and fibre orientation factor 
The mean of the relative magnetic permeability, μr,mean, along any two orthogonal directions, i 
and j, was proposed [3] as an indicator of fibre content in UHPFRC element. For a given fibre 
type, element thickness and finishing of the measuring surface, μr,mean is shown to increase 
linearly with the fibre volumetric fraction, Vf. 

The fibre orientation factor, a0,i, is selected as the scalar measure of the fibre anisometry, 

governing the tensile behavior of a crack normal to the ith direction. The normalized difference of 
the relative magnetic permeability along two orthogonal directions, ρij, is shown to be nearly 

linearly related to a0,i. 

Approximation by a 2nd order tensor 
The relative magnetic permeability of a thin UHPFRC layer is well approximated by a 2nd order 
tensor, as shown in Figure 2(a). Therefore, the relative magnetic permeability along a generic 

facet with orientation b, μr,β, can be estimated from any three non-collinear measurements of μr. 
This allows determining the fibre orientation factor along any in-plane direction of a thin 
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UHPFRC element, as exemplified in Figure 2(b) for the case of a 0.03x0.85x1.10m3 panel cast 
vertically with a flowable UHPFRC containing 9mm and 12mm long fibres (50% of each). 

 

 

 
(a)  (b) 

Figure 2: (a) Relation between fibre orientation factor and fiber orientation indicator; and (b) ellipse 

representation showing the maximum and minimum fibre orientation factors in a vertically cast panel. 

Estimation of tensile strength 
The tensile strength of UHPFRC on a given i-direction, 
fUtu,i, can be estimated using Eq. 1 [1,2]: 

 
Eq. 1 

where lf and df are the length and diameter of the fibres 

and tf the effective bond strength. The parameter a1,i is 

the fibre efficiency factor which can be determined from 
α0,i, as shown in references [1,2]. The fibre structure 

parameter, l, can then be obtained knowing the fibre 

shape (lf and df) and estimating Vf and a0,i using the 
magnetic probe. This is shown in Figure 3, where the 
fUtu values were obtained from DEWS tests with varying 
fibre contents and orientation profiles. 

3 Conclusions 

The NDT method is shown to be an effective in the evaluation of both the fibre content and 
anisometry of the fibre distribution in thin UHPFRC elements. The approximation through the 
2nd order tensor improves the efficiency of the method allowing the determination of the tensile 
strength of the material along any in-plane direction based on a minimum of three non-collinear 
measurements of the magnetic permeability. 
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Figure 3: Tensile strength estimation. 
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1 Introduction 
This study aimed to investigate steel fibre pull-out behaviour from UHPC matrix, under impact 
loading rates and cryogenic temperatures (below –162°C) and the influence of the UHPC 
matrix-steel fibre interaction on the fibre pull-out behaviour. This was not only to verify the 
capability of the UHPC for building inner and outer walls of liquefied natural gas tanks which are 
frequently exposed to cryogenic temperatures but also to further investigate pullout behaviors of 
steel fibers under unusual conditions. The test results were analysed based on microscopic 
images of fibres and matrix including their interfaces, taken during and after the pull-out tests.  

1 Experiment 
The UHPC matrix was in accordance with the mix proportions applied in a previous study [1], 
which have been commercially used in North America. Silica fume replaced 25% weight ratio of 
Portland cement, and silica flour and silica sand were incorporated into the mix, along with 
polycarboxylate superplasticizer. Three types of steel (i.e. straight, half-hooked, and twisted, 
thus called S, H, and T, respectively) fibres were pulled out from the UHPC matrix. The S, H, 
and T fibers had a 30 mm length and 0.3, 0.375, and 0.5 mm diameters, respectively. Test 
conditions included aligned and 45° inclined conditions, static and impact loading conditions, 
and ambient and cryogenic temperature conditions. The specimen-naming process was based 
on temperature conditions (“” or “C” for ambient or cryogenic temperatures, respectively), fibre 
types (S, H, and T), and fibre inclination (“” or “-I” for aligned or inclined states, respectively).  

2 Test result and analysis 
Figure 1 shows that fibre pull-out properties were enormously influenced by cryogenic 
temperature, fibre inclination angle, and impact loading rate. Under cryogenic temperatures, 
bond strength of the S, H, and T fibres were considerably increased. For the inclined fibres, 
however, the increases in bond strength derived from the cryogenic condition were significantly 
smaller as compared to those of the aligned fibres. Although a slip capacity of the aligned S 
fibre was observed to be clearly higher under the cryogenic condition, that of the deformed H 
and T fibres remained the same or even decreased. In accordance with previous research [2], 
the inclined fibres showed increases in slip capacities, but no cryogenic effect was observed 
with respect to the slip capacity of the inclined fibres. The impact loading rate, in the meantime, 
also resulted in higher bond strengths of the aligned fibres under the ambient temperature. 
However, the increasing rates became lower or even negative, when the fibres were 
geometrically deformed, inclined, and pulled out under the cryogenic condition. Moreover, slip 
capacities were mostly reduced under the impact loading condition. 

Figure 2 illustrates representative microscopic images on fibre pull-out ends after pull-out 
tests. It was noted that even the S fibre, without geometrical deformation and tilted angle, 
caused the matrix to be cracked and crushed. Furthermore, the matrix damage became much 
more severe under the cryogenic and inclined conditions. The impact loading rate, on the other 
hand, had less influence on the matrix damage as compared to the previous two experimental 
conditions. 
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Figure 1: Average bond strength and slip capacities 

 
Figure 2: Micrograph on fibre pull-out ends 

3 Conclusion 
Steel fibre pull-out behaviours under the impact loading and cryogenic conditions were 
analysed with fibre-matrix damaging mechanism. Based on the analysis on test results and 
micrograph, the following conclusions were derived: 
1. Average bond strengths of steel fibers considerably increased under the cryogenic 

temperature, and the increases were higher under the static loading rate. At the ambient 
temperature, the average bond strengths highly increased under the impact loading rate. At 
the cryogenic temperature, however, the increasing rates were considerably decreased. 

2. The slip capacities generally increased under the static loading and cryogenic condition but 
decreased under the impact loading condition. The values were further deteriorated by the 
cryogenic temperature.  

3. Stress concentration due to enhanced pull-out resistance at the cryogenic temperature or 
deformation and inclination of steel fibers caused premature fracture of fibers and larger 
matrix damage. 
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1 Introduction 

Concrete structures built in aggressive environments like sea water, sewage or industrial 
effluents are typically susceptible to attack by inorganic acids. In this context, the use of ultra 
high performance concrete (UHPC) can increase the structure’s lifetime due to lower porosity 
compared to conventional concretes due to particle packing. Silica fume and nano silica also 
influence on performance of cementitious materials under acid action [1-2]. So, due to the lower 
susceptibility of UHPC, new investigations are required regarding aggressive classes and 
ambients [3]. Therefore, this paper presents experimental finds on degradation processes of 
UHPC subjected to acid attack.  

2 Experimental program  

The UHPC utilized in the present research was developed in Krahl [4]. For characterization, 
cylindrical specimens (50x100 mm) were molded. After 28 days under moist chamber, six 
specimens were tested, which resulted in compression strength of 110 MPa. Other six 
speciments were immersed in hydrochloric acid solution (concentration 3%) and six in sulfuric 
acid solution (3% concentration) for 90 days. Figure 1 shows the specimens after removal from 
acid solutions. After drying, the speciments were tested under quasi-static strain rate and 
analyzed by scanning electron microscopy image (SEM image). 

  
(a) 

  
(b) 

Figure 1: Laboratory-accelerated degradation tests after 90 days (a) in hydrochloride acid solution (b) in 

sulfuric acid solution 

3 Test results and discussions 

The results of the compressive behavior are shown in Fig. 2. The specimens exposed to 
hydrochloric acid (HCl) presented a small reduction in modulus of elasticity of 6.4% compared 
to the reference samples. Also, the preapeak nonlinear behavior of the attacked samples was 
more pronouciated, which resulted in a greates peak strain, as shown in Figure 2(a). The color 
change in the external layer of the specimens indicates that chemical compounds were 
precipitated. The attack by chloride ions (Cl-) on harneded cement past results in formation of 
calcium chloride, which can be easily leached by water. However, analysis of pH variation and 
microscopy showed that chloride ions attacked only the outer layer. The peak strenght had 
insignificant variation. 
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In contrast, the samples subjected to sulfuric acid (H2SO4) had the strength reduced by 
38.6% relative to the referece samples, and a more ductile behavior. This occurs due to 
reaction between ions sulfate (SO4

-2) and the resistant compounds of concrete, such as calcium 
hydroxide (portlandite), hydrated calcium silicate (C-S-H) and monosulfate hydrate (AFm) [5]. 
Figure 2(b) shows that specimens after sulfuric acid exposure had hard degradation with 
formation of expansive compounds and decrease in cross section.  
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Figure 2: (a) Stress-strain curves (b) SEM image of gypsum crystals deposited in the corroded layer 

somewhere close to the unaffected section of the paste specimen after 90 days of exposure to sulfuric acid. 

4 Conclusions 

From the current research, it was found that the specimens immersed in aqueous solution with 
3 % H2SO4 concentration had a reduction of 38.6 % in compressive strength. Such effect can 
be explained by the reduction in silica content of the cement paste in the outer layer of the 
specimens.  

The samples immersed in water with 3 % of HCl had an insignificant reduction in strength. 
The major effect was the decrease in calcium content in a very small outer layer of the 
specimen with the effect of a slightly more nonlinear prepeak behavior.  
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Investigation on the resistance of UHPFRC-RC composite 
beams to chloride ingress under mechanical loading 

Toni Pollner, Christoph Dauberschmidt, Andrea Kustermann 

Institute for Material and Building Research, Munich University of Applied Science (MUAS), Germany 

1 Introduction 

Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) has exceptional mechanical 
properties and a binder matrix that is virtually capillary pore-free. It is therefore particularly 
suitable for the repair and strengthening of reinforced and pre-stressed concrete structures that 
are exposed to both chlorides and high mechanical loads. Due to the high strength, 
RC-structures can be strengthened with very thin layers of UHPFRC in regard to their load-
bearing capacity and serviceability. In combination with additional reinforcement, this effect is 
further enhanced. Furthermore, UHPFRC can serve as a protective layer against aggressive 
media such as chloride ions.   

As in reinforced concrete, the question of the durability in the areas of cracks (or stress 
induced micro-cracks) in the UHPFRC layer also arises. Aggressive media can penetrate into 
the cracked concrete (or UHPFRC) much faster than into the non-cracked concrete. Many 
investigations show that the penetration resistance to aggressive media decreases with 
increasing crack width, for example [1]. Even in the non-cracked state, however, there is a 
possibility that high mechanical stresses may have a negative effect on the penetration 
resistance [2]. This circumstance has not yet been taken into account in durability design. 

Therefore, investigations have been carried out at the Institute for Material and Building 
Research at the Munich University of Applied Science (MUAS), to determine the material 
properties of the UHPFRC used and the durability of UHPFRC-RC composite beams with 
simultaneous flexural tension and chloride exposure. The presentation focuses on the 
combined loading tests. 

2 Materials and methods 

A UHPFRC ready-mix was used as repair and strengthening material. The mixture consists of a 
premix with a maximum grain size of 0.6 mm, a superplasticizer and 2.11 Vol.-% steel wire 
fibres with a length of 14 mm and a diameter of 0.2 mm. The material has a compressive 
strength of 187 MPa after 28 days of water storage. The tensile strength has been determined 
with bending tests according to SIA 2052 and amounts to 13.1 MPa. There was no strain 
hardening effect assessed under axial tensile stress. 

For the experimental investigations on combined loading, roughened and notched reinforced 
concrete RC-beams were produced in advance, loaded to initiate a crack width of 0.2 mm in 
four-point flexural tensile tests and then strengthened with a 30 mm thick UHPFRC layer. The 
substrate concrete was prepared by exposing the coarse aggregate with a high-pressure 
cleaner shortly before the concrete solidified. After sufficient hardening of the UHPFRC, the 
composite beams were subjected to a combined load of simultaneous bending tensile stress 
and chloride exposure with a 10 % NaCl solution. During the test procedure, the electrolyte 
resistance Z of the composite beam was recorded using Electrochemical Impedance 
Spectroscopy (EIS) between a titanium strip anode in the chloride container and the electric 
conductively connected reinforcement. The electrolyte resistance provides information on the 
charge transport in the pore solution of the concrete and can be used to estimate the chloride 
penetration resistance. The test setup is shown in Figure 1. 
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Subsequently, two samples were taken 
from the crack area of each composite 
beam and prepared for the following 
investigations. Half of the samples were 
examined at HafenCity University Hamburg 
(HCU) for their chloride distribution using 
Laser Induced Breakdown Spectroscopy 
(LIBS). The procedure is described in [1]. 
The other half of the samples was prepared 
according to [3] and examined under a 

digital reflected light microscope for crack 
formation. 

3 Results and Discussion 

The results show a decrease of the electrolytic resistance both under continuous static and 
cyclic mechanical stress. Depending on the type, level and duration of the load, the electrolyte 
resistance dropped by up to 73 % of the initial value. It is assumed that the loss of resistance is 
caused by microcracks in the UHPFRC layer, through which chloride ions dissolved in water 
can penetrate into the concrete. As a result, the conductivity of the electrolyte increased and the 
electrolytic resistance decreased accordingly. 

The investigations on chloride distribution in the crack area revealed a high chloride content 
of up to 2 wt.% by cement directly in the crack area of the UHPFRC as well as in the substrate 
concrete and thus confirms the results of the electrolytic resistance measurements. 

With the help of digital reflected light microscopy, it could also be shown that several micro 
cracks with remaining crack widths of about 30 µm were formed in the UHPFRC by applying 
increasing load and that the wide crack in the reinforced concrete was thus divided into several 
small cracks within the UHPFRC. 

4 Conclusions and Outlook 

As the investigation results show, the penetration of chloride ions under simultaneous 
mechanical stress and the resulting crack formation could not be prevented by the thin 
protective layer of UHPFRC. It can be stated, however, that the large crack widths or the crack 
width changes in the RC-beams are divided up into several small, presumably less harmful 
cracks in UHPFRC, even if the material is not strain-hardening. 

The future investigation in the framework of a new research project on retrofitting with 
sprayed UHPFRC (i-SCUP) at MUAS will focus on the question: which modification of material, 
load and specimen layout can reduce the chloride ingress to a harmless value? The aim is to 
determine critical crack width, below which a chloride ingress can be significantly reduced. 
Furthermore, the investigations will be carried out with UHPFRC with strain hardening effect.  
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Microstructure analysis of thermally treated ultra high 
performance concrete in the context of the durability 
performance 

Marieke Voigt, Julia von Werder, Birgit Meng 

Bundesanstalt für Materialforschung und-prüfung, Berlin, Germany 

1 Thermal treatment of ultra high performance concrete (UHPC) 

Thermal treatment is a common 
application in the production of precast 
UHPC elements to reach the 
characteristic compressive strength of 
over 150 MPa immediately after the 
heat treatment and to reduce the effect 
of autogenous shrinkage. Previous 
studies [1] tested and analysed 
different protection styles against 
desiccation during thermal treatment 
focusing on the performance in 
compressive strength. During these 
studies an inhomogeneity in form of a zonation over the cross section of selected samples was 
observed after the thermal treatment as can be seen in figure 1A. A correlation between the 
thickness of the outer zone and the degree of desiccation during thermal treatment was found 
by measuring the average width of the visible zonation. This study is focusing on the effect of 
the zonation and the detected change in porosity [2] on the durability performance.  

2 Materials & Methodology 

For the durability study a SiO2-based UHPC mixture design after [1, 3] without the addition of 
fibres was chosen. For more detailed information on the mixture design and sample preparation 
see [2]. Four different treatment methods of the samples (Fig. 1B) were investigated to link the 
microstructure studied in [2] to different treatment effects and finally to the durability 
performance. A prolonged thermal treatment of 6 days at 90 °C without protection against 
desiccation was performed to produce a distinctive zonation. Afterwards, the UHPC samples 
were either stored in a controlled climate at 23 °C and 50 % RH exposed to air or immersed in 
water (Fig. 1B). The reference samples were stored at 23°C either at the air or submerged in 
water over the time of 28 days. 

For testing of the durability performance three testing procedures were carefully chosen of 
the variety of tests available. In this study the acid resistance, the air permeability, and the 
capillary water absorption were investigated. For testing the sulphuric acid resistance, the 
German regulation NA 119-05-37-01 AKN 61 was adapted. As the concrete mixture analysed is 
not declared acid resistant the strength performance after immersion in sulphuric acid (pH 1) 
was neglected and merely the reduction in sample size was measured. To track possible shifts 
in chemical composition µXRF mappings of the cross sections of the specimen were taken after 
28-days of acid immersion. The air permeability testing was conducted on cylindrical specimens 
with a diameter and height of 5 cm in a pressure range up to 4,5 bar after the RILEM TC 116-
PCD. The capillary suction was conducted after DIN EN 13057 on cylindrical specimen 

Figure 1: A. Cross section of a 4x4x16 cm specimen after 

90°C thermal treatment for 6 days without protection 

against desiccation. B. Sample treatment incl. thermal 

treatment (grey) and storage conditions before testing. 
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(diameter of 4 cm/ height of 5 cm) for a time period of 45 days. 1H-NMR relaxometry of the 
cores visualises the water uptake additionally to the gravitational measurements. 

3 Results  

The thermally treated specimens show a higher resistance against sulphuric acid compared to 
the reference samples cured under ambient conditions (Fig. 2). Hence, the thermally treated 
samples exhibit 22 % less abrasion compared to the reference samples. The spatial distribution 
of major chemical elements was not altered during the test. Merely the homogeneous size 
reduction and the sulphur permeation on all sides of the samples could be confirmed via µXRF. 
The sulphur intrusion correlates with the values from the air permeability tests. The air 
permeability is 2.5 to 3 times higher in the reference samples cured at ambient conditions 
compared to the thermally treated samples. The sorption coefficient of the reference sample 

 
Figure 2: µXRF mappings of the samples after 28d acid immersion, blue = sulphur, yellow = potassium. AR70 = 
Acid resistance after 70d, K = permeability, WA = water absorption 
 

stored in the water bath is the lowest whereas the sample 
cured at 90 °C and exposed to air exhibits the highest 
sorption coefficient (Fig. 2) and the deepest water intrusion 
(Fig. 3). For the latter it could be seen that the water 
absorption was influenced through inhomogeneities in the 
texture such as microcracks and lead to an inhomogeneous 
water distribution within the specimen.  

4 Conclusion 

The durability tests illustrate that thermal treatment of UHPC 
even under severe conditions without protection against 
desiccation is improving the durability of UHPC compared to 
a UHPC cured under ambient conditions. Even though the 
mean porosity of thermally treated UHPC compared to UHPC 
cured under ambient conditions is larger [2] and suggested 
otherwise. The indication of microcracks after thermal 
treatment did not have a severe effect on the durability. 
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Effect of the liquid phase on the rheological properties of 
UHPC  

H. Vacca1, Y. Alvarado1, J. Hurtado1, D. Ruiz1, M. Ocampo1, A. Nuñez2 

1: Pontificia Universidad Javeriana, Civil Engineering Department  
2: Argos S.A., & + D. Colombia 

1 Abstract 

Rheology is a fundamental property to characterize the workability, consistency, and fluidity of a 
concrete. This study investigates the rheological behaviour of UHPC concrete for four (4) 
percentages of variation of superplasticizer, with respect to the reference dosage. A coaxial 
rheometer was used for determination of flow curves of tested samples. These flow curves and 
the relationship between the yield stress and mini-slump flow test [1] were measured from a 
time of 36 minutes and up to two (2) hours after having come into contact with the liquid phase 
and solid phase in the mixing process of the UHPC. The variation of the compressive strength 
for the different percentages of SP used in this study was determined. 

2 Experimental program 

Materials used in this study were of local origin (Colombia, Southamerica). The basic mixture of 
UHPC was prepared whit Portland cement, silica fume, sand, superplasticizer, water, and steel 
fiber. A polycarboxylate-based superplasticizer (SP) used in this study was formulated to meet 
ASTM C-494 [2]. Four (4) different mixes of UHPC was prepared. A reference mixture of UHPC 
was determined, which includes the use of superplasticizer (SP) to obtain a value of 220±10 
mm of mini-slump and 150±10 MPa compressive strength at 28 days. The name of this mix is 
100%-SP. The next mixture was made with 5% less of SP than a reference value, and was 
called is 95%- SP. In the same way, two additional mixtures were designated with the name of 
90% -SP and 85% -SP.  

3 Experimental results and conclusions 

For the 100%-SP mixture, no measurement value was obtained in the standard slump, even 
after two hours (120 min).  In contrast, the mini-slump test indicated that for the 100% SP 
reference mixture, the fluidity value was reduced to 34% after two hours, affecting the 
workability of the UHPC. If the mixtures are compared within 36 minutes, a decrease in 
workability of 38%, 48%, and 52% is observed for the 95%-SP, 90%-SP and 85%-SP mixtures 

respectively, (see figure 1.a). Moreover, for the yield stress parameter (to), the situation is 
similar. Where when decreasing the percentage of additive and / or increasing the time, the 

value of to increases, as shown in figure 1.b. 

Figure 2.a, shows the dependency of ty on the diameter of the flowability Df. It is evident that 

the trend can be fitted by an exponential function in the form of to = eA•Df + B and its linearization 

form lnto = A•Df + B. In comparison with results of other research, [3] the behavior of the 
workability is the same. However, in this case, the range of fluency is lower than in other 
studies, demonstrating that this exponential relationship can be acceptable in this range. 
However, the relationship of the yield stress with the slump test (Figure 2.b.) does not show a 
good correlation. Thus, it can be attributed to the fact that the slump test does not cover an 
appropriate range of flowability of UHPC concrete. 

Finally, the behavior of the compressive strength is shown in Figure 3. It was observed that 
when the percentage of SP decreased, the compressive strength decreases, until finding that 
for the 85% -Sp mixture, the resistances would be out of range of a UHPC. 
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Figure 1: a) Flowability with different percentage of SP at time, and b) Yield stress with different percentage 

of SP at time. 

       
Figure 2: a) Relationship between yield stress and Flowability, and b) Relationship between yield stress 

and slump test. 

 

 
Figure 3: a) Compressive strength at 7 and 28 days, for each of the mixtures. 
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Behaviour of fasteners in steel fibre reinforced concrete 
under tension loads 
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Germany 

1 Introduction 

In the present work, tension tests on single bonded anchors in two different types of normal 
concrete (low- and high strength) as well as in corresponding steel fibre reinforced concrete 
(SFRC) are presented. The main objective of the work was to investigate the influence of SFRC 
on the performance of anchors including its resistance, displacement behaviour and ductility. In 
order to reach that aim, a number of test parameters had to be adapted to the properties of the 
basematerial (SFRC). 

State of the art and Motivation 

In the past, the positive influence of the SFRC on the load bearing behaviour of anchors (cast-in 
or post-installed), due to crack bridging mechanism and higher fracture energy, was reported in 
a few tests. The recent investigations by Tóth et al. [1] have shown that a positive influence on 
the load-bearing behaviour of anchorages in SFRC can only be observed if the type of failure in 
plain concrete (PC) as well as in corresponding SFRC is concrete breakout (concrete cone or 
concrete edge), and the test parameters, such as fiber length, effective depth of the anchor, 
edge distance of the anchor, aggregate size etc. lie in a certain range. The paper by Tóth et al. 
[1] summarizes and evaluates the most relevant articles on this topic in the recent years. 

2 Experimental investigations 

Test program, setup and procedure 
The experimental program focussed on investigating the influence of steel fibres on concrete 
cone resistance of the anchors with regard to the following parameters: concrete grade, fiber 
content, anchor size, effective depth, edge influence and concrete condition (uncracked or 
cracked concrete). Therefore, tension tests (on surface, on the edge, in crack) were carried out 
on single bonded anchors, in two concrete grades (C25/30 and C50/60) and in corresponding 
SFRC with different amount (20, 40 and 80 kg/m3) of steel fibres. Hooked-end steel fibre with a 
length/thickness ratio of 35/0.55 [mm] and tensile strength of app. 1200 N/mm2 were used. The 
standard tension test setup acc. to ETAG 001, Annex A was used for all test series. 

Figure 1: Load-Displacement curves from tension tests with bonded anchor on surface in different concrete 

types (Plain, SFRC with 40 and 80 kg/m3) and the corresponding failure mode, concrete cone breakout. 
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Tests Results and Discussion 

Due to space limitation, Figure 1 shows the typical load displacement curves from the tension 
tests with bonded anchor (left M16, right M24) in SFRC with low and high (40/80 kg/m3) steel 
fiber content, as well as the corresponding reference curves in PC. The diagrams clearly show 
a beneficial influence of the presence of steel fibers on the concrete cone resistance of the 
anchors. As expected, a higher tension resistance was obtained in case of tests with high fiber 
content and with larger effective embedment depth due to the activation of more fibers.  

Figure 2 (left side) summarizes the results of all tension tests in terms of the ratio of failure 
load in SFRC to corresponding load in PC as a function of fiber content. As the steel fiber 
content increases, the beneficial influence of the fibers on concrete cone resistance of the 
anchor also increases both for the anchors away from the edge as well as those close to an 
edge. The comparison of the test results with the recommendation from [1] shows a very good 
correspondence. 

Additionally, load-displacement curves from tension tests on M16 bonded anchors in cracked 
and uncracked SFRC are shown in Figure 2 on the right. The results indicate that the factor 0.7 
for the ratio of concrete cone resistance in cracked to that in uncracked concrete is valid also 
for anchorages in SFRC. 

 
Figure 2: Left: Increasing factor (Nu,I,SFRC/Nu,m,PC) as a function of steel fibre content for 46 tests in SFRC and 

28 reference tests in PC, Right: Load-Displacement curves on bonded anchors M16, in uncracked (solid) and 

cracked SFRC (dashed), high comp.strength and 40 kg/m3 amount of fiber and pictures of failed anchors 

3 Conclusions  

Anchorages can achieve a better performance in SFRC (failure load, displacement) in 
comparison to PC, provided the anchor geometry and base material properties are favourable 
and concrete breakout is the dominant failure mode. If the design parameters (anchor/fiber 
geometry and concrete mix design) are optimized to activate a large amount of fibers, it can 
result in a significant increase in the concrete cone resistance of the anchors. For all other 
types of failure (pullout, splitting or combined concrete cone and pullout), further tests need to 
be carried out to verify the load-bearing behaviour. Although the tests were performed in SFRC, 
it is presumed that the load-bearing behaviour of the anchors in UHPC should be similar due to 
better properties of UHPC such as increased tensile strength, better post-crack behaviour 
compared to PC. The behaviour of anchorages in UHPC will be investigated in future research. 
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Validation and adaptation of Dewar's packing model for mix 
design of UHP(FR)C 
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1 Introduction 
Conventional concrete is a versatile material, abundantly available and simple to manufacture, 
has preferable characteristics and the cost of the raw materials is low [1]. However, it has some 
shortcomings as a low tensile strength, brittle behaviour and relatively low compressive 
strength. 

The aim of this study is to develop a method to design ultra-high performance (fibre 
reinforced) concrete (UHP(FR)C). This UHP(FR)C is characterized by a very high compressive 
strength (≥ 150MPa), a low W/B-ratio, an improved flexural tensile strength, sufficient fluidity, a 
low porosity and an excellent durability [2]. The current study focuses on two methods to 
optimize the packing density: (i) the method developed by the research group of Brouwers [3], 
based on the modified model of Andreasen & Andersen and (ii) the particle theory of Dewar [4], 
based on the interaction diagrams of Powers. The effect of the chemical and mineralogical 
properties of the cement and the silica fume (SF) in combination with the chemical structure of 
the superplasticizers (SP) on the flowability of the fresh mix was studied and the compatibility of 
the binder with the SP was evaluated. 

2 Materials and methods 
Materials 

The materials applied in the current research were: (i) Ordinary Portland Cement (OPC) CEM I 
52.5R, provided by two suppliers, (ii) polycarboxylate-based SP, to optimize the water reduction 
and flowability of the concrete, (iii) quartz powder Silverbond M800 and Micosil M4, to optimize 
the cement content, (iv) SF and nanosilica in slurry, (v) different fractions of quartz sand and (vi) 
basalt and porphyry, as the coarse aggregate fraction in some mixtures. 

Mix design methodology 

The size distribution of the modified Andreasen & Anderson model is given by Eq. (1) [3]:  
         

Where  is the particle size ,  and  represent the minimum and maximum 

particle size  resp.;  is the cumulative fraction of the total solids being smaller than 

size  and  is the distribution modulus, which can be related to the fineness of the mix.  
The model acts as a target function for the optimisation of the composition of the mixture. 

The least squares method is used to determine the proportions of each material in the mix. 
According to the particle packing theory of Dewar, the proportions of each individual material 

in the mix can be calculated. When two groups of particles (e.g. fine and coarse particles) are 
mixed together, the small particles will fill the voids between the larger particles. However, this 
effect is disturbed by particle interference (wall effects and loosening effects) [4]. The 
advantage of a packing model is that in addition to the particle size distribution, the voids, which 
are related to the particle shape, particle texture, particle distribution, packing energy, etc. are 
taken into account. In Dewar’s packing model, the fineness of the mix can be controlled by the 
cohesion factor (CJ).  

A new mixing procedure was developed in the current study based on the mixing procedures 
for UHP(FR)C of De Larrard & Sedran and Tafraoui [1]. 
Testing 

A total of 32 UHP(FR)C mixtures were manufactured and tested.  
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The reference target compressive strength on cubes 70x70x70 mm³ was 150 MPa and 
reference the mini slump flow value was 200 – 250 mm. Flowability was evaluated by the mini 
slump flow test (EN 1015-3 (1999)). Compressive and flexural strength of the specimens were 
determined according to NBN EN 12390-3 (2009) resp. NBN EN 196-1 (2016).  

3 Results and discussion 
An evaluation of Dewar’s packing model to design UHPC was established and a comparison 
was made with the design method of Brouwers. It was found that in the modified model of 
Andreasen & Anderson the proposed q-value of 0.23 is too high to achieve the proposed 
requirements, as indicated also by [5]. Better results were obtained with a q-value between 
0.12-0.18. With the model of Dewar, good results were obtained for a CJ between 9-15 (Table 
1). In addition, the water demand and the flowability of the mixture could be predicted 
accurately. 

Based on a more extended analysis of the results, it is shown that the chemical and 
mineralogical properties of the cement and the SF have an influence on the flowability of the 
fresh concrete. On the one hand, the carbon content of the SF must be limited. On the other 
hand, we believe that mainly the C3A-content of the cement should be kept to a minimum. Also, 
Plank et al. [6] discovered that PCE-intercalation cannot occur when the SO3/C3A ratio is higher 
than 1. It also seems that the alkali sulphates show a good correlation with the flowability, in 
case of delayed addition of SP. Apparently, alkali sulphates dissolve faster than the calcium 
sulphates. Therefore, the alkali sulphates determine whether the SP can intercalate or not. 
Further, it is observed that nanosilica strongly raises the water demand and the concentration of 
the slurry limits the maximum dosage.  

Table 1: Influence of the cohesion factor on the mixture composition and compressive strength. 

 CJ 15 CJ 11 CJ 9 

Aggregates Dmax = 2 mm (kg/m³) 1149.5 1293.1 1360.8 

Cement CEM I 52.5R (kg/m³) 737.7 664.3 623.1 

Silica fume (kg/m³) 105.4 94.9 89.0 

Quartz flour (kg/m³) 210.8 189.8 178.0 

Water (kg/m³) 182.1 165.4 159.9 

Superplasticizer: dry matter (kg/m³) 13.1 9.5 8.9 

W/(C+SF) 0.216 0.218 0.225 

Voids ratio (-) 0.21 0.20 0.19 

Mini slump flow (mm) 225 235 223 

7 days compressive strength (MPa) 135 133 134 

28 days compressive strength (MPa) 166 157 150 

4  Conclusions 
In comparison to the method of Brouwers, which is easy to apply, the Dewar’s model is more 
fundamental and can be used to design UHP(FR)C, predict the water demand and flowabillity.  
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Effect of wet curing time on the pull-out behavior of steel 
fibers in UHPFRC 
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Ricardo Carrazedo2 

1: University of Campinas, São Paulo, Brazil 
2: São Carlos School of Engineering, Department of Structural Engineering, University of São Paulo 

1 Introduction 

Very high strength in compression, strain-hardening behavior in tension, and the possibility of 
developing lighter components make Ultra-High-Performance Fiber-Reinforced Concrete 
(UHPFRC) a promising material for application in the precast industry. As is known, UHPFRC 
has typically high volumes of binders that require appropriate curing for adequate hydration. 
However, fast construction can restrict the curing time, for example, for elements that are 
shipped to construction sites in one day after casting without any curing. Therefore, the 
characterization of UHPFRC subjected to different curing periods is essential for its application 
in precast construction. In this context, it should be emphasized that many research has been 
developed to understand fiber interaction with the Ultra-High-Performance Concrete (UHPC) 
matrix. However, the topic concerning the influence of early age exposure of UHPFRC to 
ambient curing on the pull-out behavior was not significantly explored. 

2 Experimental program 

The UHPFRC utilized in the present research was developed in Krahl [1]. Fibers for pullout 
tests were fixed vertically in an acrylic plate of 150 x 500 x 6 mm dimensions. Pouring of 
UHPFRC in the mould covered the fibers, which had a diameter of 0.2 mm a length of 12 mm. 
Also, a test apparatus was developed for the pullout, as shown in Figure 1 (a) and (b).  

50kg

Load

Moving
Crosshead

Load cell
(50kg)

Grip

Fiber

Concrete
prism

Hinge

 
(a) 

Load cell 
(50kg)

Grip

Hinge

Load 

 
(b) 

 
(c) 

 
(d) 

Figure 1 – (a),(b) Portable test apparatus for single fiber pull-out (c) detail of the grip and the supports, and (d) 

pulled fiber cramped at the grip 

The portable machine rests on three points of the concrete surface for testing, Figure 1 (c), 
which gives the stability for applying the pullout load. Figure 1 (c) shows a fiber clamped at the 
grip after pull-out. In the current research, the fibers were pulled at a speed of 0.005 mm/s. One 
concrete prism was taken from the moist chamber after 1, 3, 7 and 28 days to be subjected to 
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ambient curing. All tests were performed at 28 days. The average compressive strength, tensile 
strength, and modulus of elasticity at 28 days were 129.6 MPa, 11.11 MPa, and 44 GPa, 
respectively. 

3 Results 

The pull-out performance is represented in the current paper by average bond strength τav, 
calculated with equation (1), as in Yoo and Kim [2], versus dimensionless slip S/LE, obtained 
from the force-slip curve, where S is the current slip and LE is the initial fiber embedded length.  

max
av

f E

P

d L
t

p
=  (1) 

Where Pmax is the maximum load of the pull-out test, df is the fiber diameter. Figure 2 presents 
average curves for the pullout behavior of UHPFRC subjected to different curing periods. 
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Figure 2 – Pull-out curves for UHPFRC subject to different curing times. All tested at 28 days 

The developed UHPFRC did not develop significant bond strength when it was left under 
ambient curing from 1d and 3d until the date of the test (28d) when compared to the samples 
left 28d in wet curing (reference case). However, the samples left 7d in the moist chamber 
reached average bond strength which was 83 % of the maximum bond reached by the 
reference samples. 

4 Conclusions 

Based on the experimental results of pullout tests in UHPFRC left different times in the moist  
chamber, it can be concluded that the time of wet curing had a significant effect in the bond 
strength of the fibers, which is attributed to the loss of hydration water necessary for developing 
stronger interfacial properties. However, the samples left 7d in wet curing presented 83% of 
bond strength reached by the samples left 28d in the chamber.  
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Andre Strotmann1, Andrea Kustermann2, Christoph Dauberschmidt2, Jörg Jungwirth1 

1: Structural Engineering, University of Applied Sciences Munich (MUAS), Germany 
2: Institute for Material and Building Research, Munich University of Applied Science (MUAS), Germany 

1 Research project i-SCUP “Instandsetzung (Retrofitting) – Shotcrete 
Ultrahigh Performance” 

In the sector of infrastructure and building construction, the structures are typically up to 80 
years old. Many of the structures are in damaged condition due to chloride attack and loading 
[1]. The established retrofitting methods are usually associated with major intervention in the 
structure, therefore they are expensive and time-consuming. 

In the research project "Retrofitting and strengthening of reinforced concrete structures by 
using thin UHPFRC shotcrete layers: application areas, design, durability, processing 
technology", a holistic investigation of the strengthening system is carried out.  

This paper provides research results of cast UHPFRC concrete elements as a pre-study for 
UHPFRC shotcrete project. Out of this an optimized retrofitting and strengthening systems is 
developed by using the innovative material ultra-high performance fibre reinforced concrete 
(UHPFRC) as shotcrete in thin layers. 

2 Investigations 

General 

When retrofitting/strengthening concrete elements by using UHPFRC shotcrete one obtains 
composite elements of UHPFRC and concrete, which are characterized by two cementitious 
materials featuring different material properties and ages. As a basis for the research, a 
detailed investigation of the composite action is carried out. This investigation with main focus 
on cracking and load bearing properties is based on already existing design approaches for 
cast UHPFRC-concrete composite elements. To consider specific aspects of spayed UHPFRC, 
a test series with varying parameters off spayed UHPFRC-concrete composite elements is 
conducted. To calculate the stresses in the cross-section, restrained stress during the curing 
process are determined as well as stresses caused by external load. The stresses have been 
derived from the material-specific stress-strain curves, for which accompanying material tests 
have been carried out. The results are compared with the existing design approaches of 
UHPFRC concrete composite elements. In addition, the degree of restrain µ of the UHPFRC 
layer due to the thickness ratio of new and old concrete can be determined in the future. The 
results and knowledge are used as a basis for the investigation of the UHPFRC shotcrete. The 
main factor for the durability of the UHPCFRC layer is the cracking characteristics. 

Analytical Investigation 
First, an analytical investigation of the specimens was carried out. The calculation is based on 
SIA 2052 [2]. The calculation focussed under special consideration of the strains and stresses 
in serviceability limit state and ultimate limit state. For this an Excel sheet has been developed, 
which allows an efficient calculation of the composite elements with different material 
properties. Material models for the UHPFRC and interaction approaches of the different 
materials have been defined for the design of the UHPFRC concrete composite elements. 
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Experimental Investigation 
There have been four point bending 
tests on beams with a length of 1.15m, 
width of 15cm and height of 12cm plus 
5 different UHPFRC layer thicknesses 
à 3 samples. The specimens were 
tested under positive or negative 
bending. 

Strain gauges were placed on the rebars in order to determined the induced stresses from 
shrinkage and creep during the curing process of the concrete. These measurements provid 
information on the restrain stresses and the degree of restrain µ of the thin UHPFRC layers. 

The strain gauges on the rebars were able to provide strain data during the four-point 
bending test. The specimens were also equipped with optical and inductive measuring 
technology. Figure 1 shows the position of the strain gauges in different heights over the 
UHPFRC-concrete composite element. On the specimen surface, the deformation of the 
composite element is shown. 

 
Figure 1: Deformation X-direction and arrangement of digital strain gauges 

Comparison 
The comparison of the analytical and the experimental investigations enable conclusions on the 
applicability of the simplified design approach for practical application. The design approach 
serves as a simple tool to design appropriate retrofitting and strengthening of reinforced 
concrete components with thin UHPFRC layers as well as shotcreted UHPFRC. These 
investigations will verify the accuracy of the simplified design approach. 

3 Conclusions 

First recalculations have confirmed the optimized design approach of UHPFRC concrete 
composite elements. Further investigations are required for a final confirmation of the approach.  

During the test, problems occurred with the joint load-bearing behaviour. Further 
investigations are necessary. The complete bending load bearing capacity can only be 
activated if the strength of the joint is sufficient. 
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‚ Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 

reinforment rebars unreinforced unreinforced unreinforced unreinforced 

concrete rebars rebars rebars rebars rebars 

length 1050 mm 1050 mm 1050 mm 1050 mm 1050 mm 

width 150 mm 150 mm 150 mm 150 mm 150 mm 

heigth 120 mm 120 mm 120 mm 120 mm 120 mm 

UHPFRC 40 mm 40 mm 20 mm 15 mm 8 mm 
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Bond strength of steel bars in basalt fibre reinforced High 
Performance Concrete 

Piotr Smarzewski 
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1 Introduction 

Basalt fibres produced from molten basalt rock have very good strength properties as well as 
high resistance to fire and an alkaline environment, and are relatively cheap at the same time. 
These features determine their use in concrete [1]. However, the cost in addition to the 
chemical and mechanical properties of basalt fibres vary depending of the type and quality of 
the raw material and the production process of the fibres [2]. Basalt fibre reinforced high 
performance concrete (BFRHPC) is widely regarded as an excellent composite for use in 
sustainable construction [3]. Nevertheless, concrete structures reinforced with basalt fibres 
generally include steel bars to obtain an efficient and reliable structural member. A good 
interfacial bond of BFRHPC to steel bars is an important factor conditioning the interaction of 
these two materials in the structure. Therefore, this study investigates the pull-out resistance of 
steel bar embedded with short length in BFRHPC. The specimens were designed to examine 
the influence of concrete cover to bar diameter ratio (c/ϕb) and of the fibre content on the local 
bond strength between BFRHPC and the reinforcing bar. 

2 Materials and Methods  

Deformed bars with nominal diameters of 12 mm and 16 mm were used in pull-out test 
specimens. Specimens were made for each bar using basalt fibre contents of 0, 1, 1.25, 1.5, 
1.75, and 2%. All the specimens were cast parallel to the bar. The details of the test specimens 
are shown in Table 1 and Fig. 1. 
Table 1: Details of test specimens. 

Bar diameter, 
ϕb (mm) 

Bottom concrete  
cover, cy (mm) 

Side concrete  
cover, cx (mm) 

Embedded  
length, le (mm) 

cy/ϕb Number of  
specimens 

12 94 94 60 7.83 18 

12 44 94 60 3.67 18 

16 92 92 80 5.75 18 

16 42 92 80 2.63 18 

 
   Figure 1: Test specimen details (dimensions in mm) and test set-up. 

The quantities used in the reference mixture were as follows: cement CEM I 52.5R – 670.5 
kg/m3, tap water – 210 kg/m3, basalt coarse aggregate ranging in size from 2 to 5 mm fractions 
– 990 kg/m3, fine quartz sand with a maximum particle size of 2 mm – 500 kg/m3, and 
superplasticizer based on polycarboxylate ethers – 20 kg/m3. The control mixture did not 
contain any fibres. The following five contained basalt fibres ( l/d = 12/0.013 mm) with a 
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percentage ranging from 1% to 2% and with a reduced quartz sand amount equal to the weight 
of the added fibres.  

3 Results and Discussion 

The bond strength was calculated by means of the relation tb = F/pfble where F is the measured 

load. Fig. 2 compares the bond strength versus the fibre content relationships using two 
different cy/ϕb relations for two bar diameters ϕb. The error indicator denotes the standard 
deviation.  

  
   Figure 2: Variation in bond strength with fibre content for different bar diameters ϕb and relations cy/ϕb. 

Comparison of the results in Fig. 2 shows that for different values of cy/ϕb, the bond strengths of 
the 12 mm bar increase with a growing basalt fibre content and with an increasing concrete 
cover. In contrast, the bond strength of the 16 mm bar falls when the fibre content is 1-1.25%. 
In the case of concrete without fibres, the bond strength was greater for the 16 mm bar. This 
can be explained by the larger rib face angle between 44 to 73° of the 16 mm bar than in the 12 
mm bar with a rib face angle from 37 to 73°. The lower values of bond strengths of BFRHPC for 
the 16 mm bar can be clarified by the larger distances between the ribs from 6 to 12 mm 
compared to the 12 mm bar in which these distances are between 3 to 6 mm. At larger 
distances between the lugs on the bar, the basalt fibres could be oriented parallel to the rod 
between the ribs causing faster bond failure occurring as a result of shearing off and crushing 
the concrete. This effect was observed for the smallest concrete cover. This indicates that the 
bond strength of the steel bar depends on the concrete strength. The BFRHPC compressive 
strength used in this study was 17-22% lower compared to the concrete without fibres, and the 
splitting tensile strength was 20-22% higher [3]. 

4 Conclusions 

1. The bond strength rises with increasing the concrete cover.  
2. The bond strength of HPC without fibres is greater for the bar with the larger rib face angle.   
3. The bond strength of BFRHPC is lower for the bar with the larger distances between the lugs 
on the bar. 
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Variability of tensile properties of UHPC within the 
continuous production quality programme of two factories 

Juan Ángel López, Esteban Camacho, Fernando Galán, Hugo Coll 
Co-founders of Research and Development Concretes SL and Prefabricados Formex SL, Spain 

1 Introduction 

Despite fibre-reinforced concrete technologies have been understood for many years and 
advantages of their use clearly proved, their extensive use in construction and industry has 
been delayed over the years until the present. The reason for this delay may be found in the 
lack of reliability in conventional fibre-reinforced concrete tensile response and difficulties found 
by companies when trying to ensure specific characteristic values within strict quality control 
programmes due to its high variability. 

Traditionally, tensile behaviour of UHPC has been described using a stress-strain 
relationship up to maximum load and a stress-crack opening relationship after it. A simplified 
UHPC behaviour often used is shown in Fig. 1. 

 
Figure 1: Simplified constitutive behaviour in tension of UHPC 

 
Characterisation of this behaviour is completely necessary for design; ensuring it in production 
is mandatory a suitable quality control programme. However, large variability is often obtained 
in a continuous production in factory which greatly decreases characteristic properties. It may 
lead to a misperception of the produced UHPC in such a way that reliable production of it may 
seem difficult if additional notions are not considered. 

Table 1 shows coefficient of variation results of tensile behaviour properties of three different 
mixes made in two different factories obtained from inverse analysis methodology applied on 
four-point bending tests [1]. Sample size for the determination of coefficient of variation is 34, 
32 and 25 three different mixtures, respectively. 
Table 1: Coefficient of variation of different tensile parameters obtained 

CoV (%)  MIX 1 MIX 2 MIX3 

ft MPa 14% 15% 10% 

ft,u MPa 22% 15% 25% 

E MPa 6% 11% 6% 

εt,u - 39% 44% 54% 

wdт Mm 18% 18% 21% 

2 Analysis of the results 

According to data in Table 1 one could think that (i) parameters ft,u and εt,u are not suitable to 
define UHPC design properties; or (ii) UHPC production is unreliable; or (iii) inverse analysis 
procedure and four-point bending tests are not adequate for this purpose. 



 

166 
 

In an attempt to prove (i) and prove wrong (ii) and (iii), number of fibres in a cross-section next 
to the failure one were counted through image analysis. Moreover, crack spacing in the 
constant moment area of the bending test was also determined. The aim of that was 
substituting design parameters ft,u and εt,u by a parameter describing average bond between 
matrix and fibres (τav) and average crack opening at debonding (wdeb) according to Equation 1. 

wdeb = εt,u  ·  sav                                                ft,u = κ  ·  τav   (1) 

being, sav the average crack spacing and κ a global fibre efficiency parameter [2] that takes into 
account the ratio between number of fibres counted and theoretical maximum number of fibres 
in a cross-section assuming them perfectly aligned, percentage of fibres in volume, fibre 
slenderness ratio, and fibre efficiency coefficient. Coefficient of variation of parameters wdeb and 

τav derived from the previously obtained εt,u and ft,u are shown in Table 2. 

 
Table 2: Coefficient of variation of different tensile parameters obtained 

CoV (%)  MIX 1 MIX 2 MIX3 

wdeb MPa - 21% 18% 

τav Mm 13% 14% 9% 

 

 
Figure 2: Relation between tensile strength and global fibre efficiency parameter (τav) (left); crack spacing 

measurement (right) 

3 Conclusions 

Reliable UHPC tensile parameters needs to be defined in order to guarantee suitable designs 
and ensure quality of concrete during production. As fibre orientation and the discontinuous 
nature of fibre reinforced concrete are the highest source of variability ft,u and εt,u  should be 
reconsidered as either design or constitutive parameters. A proposal of substituting them by 

wdeb and τav is proposed and justified in this paper. These parameters can be deduced from easy 

to perform four-point bending test and simplify inverse analysis methodologies. 
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The effects of resonant acoustic mixing on the 
microstructure of UHPC 
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USA 

1 Introduction 

Current mixing technologies for the concrete industry have not changed much in the last 
century relying heavily on planetary type mixers with shearing tools that provide low mixing 
energies to the system [1].  High-intensive mixers that provide high energy input to the system 
and have power consumption instrumental capabilities have advanced the field of high 
performance concretes and concretes with supplementary cementitious materials [2]. However, 
these improvements still rely on tool agitation as a means for mixing which provides non-
uniform energy profiles during the mixing.  Exploring mixing technologies used in other fields 
that provide more uniform energy mixing profiles in combination with improved built-in mixing 
monitoring techniques [3] is one possible avenue to take.  

This research study presents a novel type of UHPC mixing technology called Resonant 
Acoustic® Mixing (RAM) Technology [4]. The effects of RAM on the microstructure of a 
designated UHPC mix are studied and compared to UHPC samples mixed with a conventional 
table top paddle mixer. Conclusions are drawn based on the results of back-scattering electron 
scanning microscopy (BSE-SEM), mercury intrusion porosimetry (MIP), and mechanical 
strength.  

2 Experimental Program 

Materials 
Type I white cement conforming to ASTM C150 was used in all the mixtures due to its high 
amount of C3S + C2S content (18.4%), low amount of C3A content (less than 5%), and moderate 
fineness [5]. A commercially available high-range water reducer conforming to ASTM C494 
Type A & F polycarboxylate superplasticizer (HRWR), with specific gravity 1.060 and solid 
content of 29%, was used at 1% by weight of cement.  White silica fume (SF) and quartz 
powder (QP) were used as secondary cementitious and filler materials, respectively. 
Aggregates consisted of extra fine (QS1, d50 ~0.10 mm, dmax ~0.21 mm ) and coarse quartz 
sand (QS2, d50 ~0.42 mm, dmax ~0.60 mm ).  Table 1 gives the composition of the mix used with 
respect to weight of cement. 
Table 1: UHPC mix composition  

C SF QP QS1 QS2 HRWR W 

1 0.25 0.25 0.304 0.709 0.01a 0.21 

Experimental Methods 

UHPC specimens were prepared using a four-step mixing protocol. First the dry materials 
were mixed together from lowest to highest bulk volume density. Then the liquid materials were 
added to complete the mixing.  The time of wet mixing for the RAM specimens was 5 minutes 
and for the table top paddle mixer it was around 20 minutes. 

Back-scattering scanning electron microscopy, mercury intrusion porosity, and mechanical 
strength experiments were performed on small specimens.  Results for one specimen are 
presented in Figure 1, Figure 2, and Figure 3, respectively.  
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Figure 1: BS-SEM images for a Hobart (top) and a RAM (bottom) specimen. 

 

 
Figure 2: MIP results for UHPC mixed with a paddle mixer (HM) 

and with RAM at room temperature (RM) 

Figure 3: Mechanical Strength results for 

UHPC specimens. 

3 Conclusions 

In this research, the effects of RAM on the microstructure of a designated UHPC mix through 
back-scattering electron scanning microscopy, mercury intrusion porosimetry, and mechanical 
strength were presented. A table top paddle mixer was used as a comparison tool. The results 
show that RAM mixing produces a dense UHPC matrix with low porosity and suggest that RAM 
mixing has the potential to enhance the physical and chemical microstructure. 
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Finite element investigation of the influence of fiber 
orientation on the pullout behavior of rebar embedded in 
Ultra-High Performance Concrete 

Manish Roy, Kay Wille 
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1 Introduction 

Background 
When a rebar is pulled out of conventional concrete (CC), the bearing of the ribs on the 
concrete plays the most important role in transferring tensile stresses across cracks. The 
perpendicular component of the bearing force causes a tensile ring of radial stresses to develop 
along the perimeter of the bar leading to radial cracks as soon as the matrix tensile strength is 
exceeded [1-4]. Fibers in Fiber Reinforced Concrete (FRC) are able to transfer tensile forces 
across those cracks, resulting in a re-distribution of the tensile ring after the initial cracking [5]. If 
the longitudinal cracks are bridged by the fibers without being opened excessively, a relatively 
ductile pullout failure will occur. Otherwise, a sudden splitting failure will happen with further 
opening of the longitudinal cracks [5]. Since Ultra-High Performance Concrete (UHPC) has 
much higher bond stress than CC [6-7], fibers in UHPC prove to be effective when covers are 
small enough to induce a splitting failure before the rebar can develop the full bond strength. 

Goal 

Since fiber orientation influences the crack bridging effect in UHPC, it is expected that it would 
also have an impact on the bond behavior between rebar and UHPC, especially at a low 
concrete cover. Hence, the present study investigates the effect of fiber orientation on the 
pullout behavior of rebar embedded in UHPC with a low cover (effective cover = 25 mm) using 
finite element simulation. 

2 FE modelling of pullout tests 

The geometry of the pullout test, investigated in the present study, is based on the specimen 
used in the laboratory experiment by Roy et al. [6]. A small elastic volume is added around the 
end of both the pullout and the support bar in order to avoid the application of the load or 
constraints directly to a reinforcement point outside the concrete. Symmetry boundary 
conditions are applied to the surfaces at the plane of symmetry of the specimen (Figure 1). To 
prevent any unrealistic response, the lateral movements of the elastic volumes are restrained 
perpendicular to the pullout bar as well as the support bar. The end of the elastic volume 
around the support bar is constrained in all the three directions to simulate the laboratory 
testing condition. The load is applied as a prescribed displacement to the end of the elastic 
cube around the pullout bar. The displacement on the pullout bar is measured at the bar end 
inside the elastic cube and at the junction of the bar in air and the concrete and thus similar to 
the experimental setup in the lab. Then the displacement at the pullout screw position is 
interpolated from these two values. The displacement on the side bar is measured at the bar 
end. The slip is calculated by subtracting the displacement of the side bar from that of the 
pullout bar. The load is calculated by adding the nodal reactions on the loading surface. 

‘Reinforced Concrete Model’ in ATENA (v. 5.6.1) [8] is used as the material model for UHPC. 
In order to capture the anisotropic behavior of UHPC, the fibers are modeled as smeared 
reinforcement with 1D elements and the concrete matrix is modeled with volume elements (8-
node linear hexahedra elements). An idealized sketch is shown in Figure 2. The spacing ‘S’ of 
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the smeared reinforcement is assumed to be infinitely small. The directional vector of the 
smeared reinforcement represents the orientation of the fibers inside the matrix. The fiber 
properties are calibrated using the stress-stain data obtained from uniaxial direct tensile tests of 
UHPC (14-day compressive strength = 162 MPa, 14-day tensile strength = 13.43 MPa, fiber 
volume fraction = 2%). 1D Reinforcement material model is used for the pullout bar (diameter = 
9.375 mm, yield strength = 700 MPa, ultimate strength = 1102 MPa, and elastic modulus = 222 
GPa), the side bar, and the support bar. 

  
Figure 1: Boundary conditions. Figure 2: Smeared fibers. 

3 Conclusions 

The pullout test results show that the pullout force for the random orientation and the 
perpendicular orientation is 16% and 23% higher than that for the parallel orientation, 
respectively. Also, the slip at the peak load is maximum for the perpendicular orientation of 
fibers and minimum for the parallel orientation of fibers. The value for the random fiber 
orientation lies in between. Due to the low concrete cover, the specimens fail due to radial 
splitting cracks. Hence, perpendicularly oriented fibers bridge the cracks more effectively as 
compared to the other two types of fiber orientation. 
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Figure 1: Interlocking of 

glued sand and UHPC 

Figure 2: Indirect joining with metal profiles: steel dowels (left), concrete dowels (centre and right) 

Experimental Investigations on bond between glass and 
UHPC 
Hannes Eichler, Jenny Thiemicke, Roland Vollmar, Ekkehard Fehling 
Institute of Structural Engineering, Department of Concrete Structures, University of Kassel, Germany 

1 Introduction, motivation and objectives 

Glass composite systems combined with steel, timber or concrete are a practical way to realise 
glass structures as architectural elements with a ductile load-bearing behaviour. The key factor 
for such a construction is a suitable bond between the glass element and the composite partner 
[1]. Since UHPC has a strong adhesive effect on rough surfaces, the bond between glass and 
UHPC can be achieved by mechanically roughening the glass surface. In preceding studies, 
such methods have often led to damages on the surface, which reduced the tensile strength of 
the glass [2]. In order to create a strong, smooth and controllable bond without damaging the 
glass surface, different joining technologies were tested in this study.  

2 Development of alternative joining technologies 

General options 

Glass components can be most effectively integrated within a composite system by creating a 
shear bond along the glass edge (i.e. in glass beams). When loaded, the joining is sheared off 
in its longitudinal axis. To create such a connection, three general options were considered: 
- direct joining by creating a rough glass surface (glass - UHPC),  
- direct joining by using special adhesives (glass - adhesive - UHPC), or 
- indirect joining by using additional anchoring elements (glass - adhesive - metal - UHPC). 

Glued sand grains (type B) 
By roughening glass with conventional methods (i.e. sandblasting), the 
surface receives a multitude of minimal defects. Under loading, stress 
peaks occur at these points, which reduce the tensile strength significantly 
[2]. Alternatively, the roughness can be achieved by gluing grains of sand 
on the surface with high strength adhesives. In this way, the fresh concrete 
can interlock on the sand surface providing a rigid shear bond.  

Indirect joining with H-shaped metal profiles (type A) 

A different way to create a smooth joining is to glue the glass into manufactured metal profiles 
that are separately anchored in the concrete. This variant offers the advantage to combine well-
known joining technologies (embedding steel into concrete, adhere glass to steel). Besides 
anchoring bare metal profiles, two methods were tested to anchor H-shaped metal profiles into 
the fresh UHPC: metal profile with drill holes and steel dowels (see Fig. 2 left), and metal profile 
with drill holes and concrete dowels (see Fig. 2 right). 
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3 Experimental investigations 

Test Specimens   

The experiments were applied on indirect joining (type A) and direct joining (type B). The bond 
characteristic between anchored H-shaped metal profiles and UHPC was examined in 
preliminary tests on three different profile settings: unmachined (A0), with drill holes Ø 8 mm 
every 25 mm (A1), and with steel dowels Ø 8 mm every 25 mm (A2) (see Fig. 2). Furthermore, 
the bond between glass and H-shaped metal profiles was determined on two different 
adhesives: "3M DP 620" (A3), and "Huntsman Araldite 2047-1" (A4), which are different with 
regard to stiffness and strength, respectively.  

Based on these results, a well-fitting bond configuration was identified for the push-through-
tests. The configuration contained drill holes Ø 8 mm every 25 mm in the profile as well as the 
glue "Huntsman Araldite 2047-1" applied on the glass (A5, see Fig. 2 blue dashed line). 

For the push-through-tests of type B, the bond conditions were improved by adhesive layers 
scattered with grains of sand: glue "3M DP 490", layer thickness 0.5 to 1 mm, sand with grain 
size 0/2 (B1, see fig. 1 black line), as well as glue "Huntsman Araldite 2047-1“, layer thickness 
0.5 to 1 mm, sand with grain size 0/2 (B2, see Fig. 1 red dotted line). 

Test set-up and results 

The setup of the push-trough-test is shown in figure 4. During the tests, the applied force and 
the slip between UHPC and glass was measured. In addition, the deformation behaviour was 
observed visually. Fig. 3 shows the results of the tests.   

             
Figure 3: Force-Slip-Diagramme of types B1, B2 and A5                   Figure 4: Setup of the push-through tests 

While type B1 shows a very high load bearing capacity, type B2 reaches less than half of the 
maximum load. Both types express a very uncertain, non-ductile post peak behaviour. In 
contrast, type A5 achieves up to half of the maximum load of B1, but shows a very ductile post 
peak behaviour with a relatively high post peak load level at about 80% of the maximum. 
Type A5 will be chosen for the construction of a composite beam of glass and UHPC. 

4 Conclusion 

Tests on different bond configurations led to the result, that a combination of drill holes Ø 8 mm 
every 25 mm in the anchored H-shaped metal profiles as well as the glue "Huntsman Araldite 
2047-1" between glass and profile (A5) achieves an adequate load bearing capacity, as well as 
a very ductile post peak behaviour without any negative impact on the glass surface. 
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Innovative retrofitting and strengthening of reinforced 
concrete structures using Ultra-High Performance Shotcrete 

Jörg Jungwirth1; Andrea Kustermann2; Christoph Dauberschmidt2; Andre Strotmann1; 
Toni Pollner2; Markus Schmidt1 
1: Structural Engineering, University of Applied Sciences Munich (MUAS), Germany 
2: Institute for Material and Building Research, Munich University of Applied Science (MUAS), Germany 

1 Innovative Retrofitting and Strengthening of Reinforced Concrete 
Structures using Ultra-high Performance Shotcrete  

In the sector of traffic infrastructure and building construction, the structures in Germany are 
typically up to 80 years old. Many of the structures are in damaged condition due to chloride 
attack and high loading. The established retrofitting methods -removing the chloride containing 
concrete and reprofiling- are usually associated with major intervention in the structure and thus 
they are expensive and time-consuming [1]. In addition, coating systems are usually not able to 
protect the structure from further damage over the rest of their expected lifetime. 

The high-performance properties of UHPFRC are already used for retrofitting and 
strengthening. The properties of the material are ideal for protection against chloride ingress 
and for increasing the load-bearing capacity [2]. The advantages of UHPFRC as shotcrete are 
controllable fibre orientation, high compaction, good workability and superfluous of formworks. 
The combination of these already proven technologies –shotcrete and UHPFRC- is an 
innovative and highly efficient method for retrofitting and strengthening. 

At Munich University of Applied Sciences, the research project titled "Retrofitting and 
strengthening of reinforced concrete structures by using UHPFRC shotcrete: Fields of 
Applications, Structural Design, Durability, Construction Technology" is conducted in order to 
investigate this innovative technology. The research work includes material technology and 
structural design as well as durability of retrofitted reinforced concrete structures using 
UHPFRC shotcrete. The project is realized in close cooperation with LafargeHolcim and 
Implenia Instandsetzung GmbH. The Paper provides first experience and results of the ongoing 
R&D project. 

2 Investigations 

As first experimental campaign investigations of UHPFRC spraying process, material properties 
and bond behaviour have been conducted.  

Shotcreted UHFPRC specimens were analysed by means of magnetic resonance imaging 
(MRI) scans. This provided a plausible statement on load-bearing behaviour due to the internal 
steel fibre orientation. In addition, quantities of rebound material are determined and the spray 
shadow behind reinforcement layers is visually examined. The interface of the hardened 
composite is analysed by digital reflected light microscopy. 

The material properties of the ultra-high performance shotcrete are assessed based on the 
guidelines for conventional shotcrete. Tests have been carried out to determine the modulus of 
elasticity and the stress-strain behaviour in compression and tension both axially and 
orthogonally to the applied spraying direction. 

Furthermore, the adhesive bond to the existing concrete was examined. For this 
investigation, tensile bond tests and symmetric push-out tests were carried out for determining 
the adhesive tensile strength and the shear load bearing behaviour, respectively. 
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3 Selected Results 

The UHPFRC is highly suitable for application as 
shotcrete. Spraying of the ultra-high performance 
concrete was realised in cooperation with the 
industrial partners LafargeHolcim and Implenia 
Instandsetzungs GmbH (see Figure 1). Due to the 
specific rheology of the ultra-high performance 
concrete, there are complex demands on the 
processing technology. The optimisation of the 
material and workability was a major aspect of the 

investigation. 

Figure 2 and 3 exemplary show first 
results as a part of the experimental campaign: tensile and compressive stress-strain curves. 
First material tests have shown a compressive strength of about 130 MPa (tests on cylinders 
and cubes), tensile strength up to 6 MPa with strain hardening behaviour (axial tensile test) and 

a Young’s 
modulus from 35 
GPa to 40 GPa. 
Thus, the obtained 
UHPFRC concrete 
is highly suitable 
for strengthening 
and conform to 
UHPFRC require-
ments [2]. 

 
 

 

4 Conclusions 

The pumpability and sprayability has been proved by the test campaign. Application of the 
material as shotcrete is highly suitable. 

The first testing of the UHPFRC shows excellent material properties and the feasibility of 
application with high-performance but conventional construction machinery. 
The material properties correspond to the intended material behaviour. Based on the observed 
material properties, further investigations and optimisations regarding material technology will 
be carried out. A detailed consideration of the time-depending material properties will be 
investigated.  

As next step in the research program, fields of application are investigated in cooperation 
with stakeholders and owners of damaged structures (e.g. building authorities). After this, 
investigation regarding structural design and durability will be carried out. 
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