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ABSTRACT 

The concrete technology has during the last century changed dramatically where the concept of 

high strength concrete has gone from 30MPa to well over 100MPa. UHPC has many areas of 

application and is used more and more frequently in all manner of structures. It is also a suitable 

concrete in areas and environments that are demanding and harsh for the concrete due to its 

overall excellent durability properties which suggest lifespans of reinforced structure elements 

that far exceeds what is economically available to design for today with a low cost of 

maintenance.  

The aim of this research was to produce Ultra High-Performance Concrete using mostly locally 

available materials. Tests were made on the binary materials where the particle packing was 

optimized through the Punkte method. A series of smaller mortar mixes was made where the 

effect of different proportions of i.e. silica fume, flyash, superplasticizer had on the concrete 

mix. The fresh and hardened properties of the mix as mini cone flow, slump flow, density, 

compressive strength and flexural strength was evaluated to obtain a mix which exhibited the 

properties sought for, high strength and good workability.  

The results showed that it is difficult to find an optimum mixture since the design of a recipe 

always has compromises and rarely all criteria’s can be met fully. The concrete produced had a 

W to C ratio between 0,21, 20wt% of silica fume, 4,5wt% of superplasticizer and max filler 

size of 1mm. Some mixes of the concrete were also produced with flyash replacement and with 

steel fibers. This resulted in concretes exhibiting compressive strength over 140MPa, flexural 

strength of 18MPa without fiber reinforcement and with self-consolidating properties. The 

replacement of cement with 30wt% of flyash resulted in better workability and long term(1year) 

compressive strength almost equaled the concrete without flyash replacement. 
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1 LIST OF SYMBOLS AND ACRONYMS 

Breaking time The time it takes for a mix to reach a point where the mix becomes a 
thicker paste. 

SP Superplasticizer 

FA Fly ash 

C Cement 

SF Silica fume 

Q Quartz powder 

W Water 

B15, B35, B95 B1-3 Different grades of Baskarp sand 

SCC Self-compacting concrete is a flowing concrete mixture that is able to 
consolidate and fill out a form under its own weight and without any 
external vibration 

LCC Life Cycle Cost – The cost for planning, design, construction, 
maintenance, renewal and demolition 

CHS Calcium Silicate Hydrate 

CH Calcium Hydroxide 

ITZ Interfacial Transition Zone (ITZ), which is a zone between the 
hydrated cement matrix and coarser aggregates 

Normal concrete For this study is defined as a C35/45 concrete with approximately 
400kg of cement per cubic meter. 

C3A Tricalcium aluminate  
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4 CHAPTER 1 - Introduction 

4.1 Background 

Reinforced concrete is the most common building material used around the world in a multitude 

of different areas as housing, infrastructure, industry and mining. Increasing the concrete 

durability and mechanical properties is an ongoing desire in the concrete technology to meet 

the demand for longer life span, limited maintenance, more slim construction elements, more 

economical solutions and minimized release of greenhouse gasses. 

The last three decades high strength concrete with a compressive strength ranging from 50-

120MPa have been used in bridges and tall buildings either as precast or cast insitu. The increase 

of material strength has been achieved partly by optimizing the granular mix, increasing the 

amount of binders and lowering the water to cement ratio. While this generally yields a higher 

strength but also worsened the workability. A concrete that does not flow well will increase the 

risk of defects in the concrete as air pockets, porous surface, areas where the form has not been 

filled and rebars that is not fully enclosed by the concrete which might lead to a decrease in 

bearing capacity and durability of the structure element. High performance concrete with low 

water to binder ratio contains a high amount of chemical admixtures to reduce the water demand 

of the concrete mix but at the same time to sustain its good workability, (Ma & Dietz, 2002).  

In recent years, the deterioration of older conventional reinforced concrete structures has raised 

a concern of the life cycle cost due to the increasing need for maintenance or even replacement 

of infrastructure. The application of the Ultra-high-performance concrete (UHPC) in 

construction of new bridges and in renewal of highway bridge networks can lead to longer 

service life times that will require minimum maintenance and will result in lower life cycle 

costs. Ultra-high-performance concrete has the 28-day compressive strength exceeding 

150MPa, a very low permeability which prevents penetration of aggressive substances and thus 

decreasing the risk of rebar corrosion and freeze-thaw damage, (H Almansour, 2010). 

4.2 Research problem and aim of the study 

This study aimed to design and manufacture an Ultra high-performance concrete having self-

compacting properties and made from mostly locally ready available raw materials. The 

developed mix and production technology should enable its full-scale usage in the industry 

without the need for extensive modifications of concrete plants. The constituent materials 

should be available locally and -or economically transported. Potential applications include new 

structures but also rehabilitation and strengthening of old elements and structures.  
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5 CHAPTER 2 – Literature review 

5.1 History of UHPC  

During the 20th century, development of concrete technology was significant. During the 1950: 

s a concrete having the 34MPa 28-day compressive strength was considered as high strength 

material. At present, these values can reach well over 200MPa. An timeline of concrete 

development is shown in Table 1, (Buitelaar, 2004), (EFNARC, 2005), (FHA, 2013). 

Table 1 - Development of concrete timeline 

Year History 

1950 Concrete with 34MPA strength was considered as high strength. 

1960 High strength concrete developed in the laboratory reached 80MPa 

1980 High performance concrete for use mainly in the security and defence 
applications were developed in Denmark. Compressive strength 
100MPa. 

1985 First research program was conducted for on the application of UHPC. 

1997 First bridge partly composed of UHPC bridge was constructed in Canada 

2002 First recommendations on the use of UHPC were published in France. 

2005 A 12 million euro research program was concluded with more than 34 
research projects at more than 20 institutes in Germany 

2005 and forward Many research programs are looking at the use of UHPC in different 
structures around the world. At least 90bridges have been built and the 
use of UHPC has been implemented in many other types of structures. 

 

5.2  UHPC definition 

The term Ultra-High-Performance Concrete (UHPC) refers to a relatively new class of 

advanced cementitious composite materials whose mechanical and durability properties far 

surpass those of any conventional concrete. For this study, UHPC-class materials are defined 

as cementitious-based composite materials with the 28-day compressive strength above 

150MPa and the tensile strength above five MPa. The pore structure of UHPC is discontinuous 

which reduces the penetration of liquids and thus enhancing significantly durability compared 

to conventional and high-performance concretes (FHA, 2013).  

5.3 Advantages of UHPC 

The performance of UHPC allows to design and construct slimmer elements having at the same 

time superior overall durability. The microstructure is very dense which reduces the 

permeability and risk of reinforcement corrosion. UHPC usually contain a significantly amount 

of cement which can be more than twice the amount used for normal concrete. Consequently, 
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it is more expensive and has higher CO2 footprint. However, since elements can be designed 

as slimmed the actual used volume of concrete is significantly reduced which surpasses 

negative effects related to the increase cement content. A comparison of load carrying capacity 

versus the volume of material required to achieve similar mechanical properties is shown in 

Figure 1.  

 

Figure 1 - Beams of equal load carrying capacity (Holbrook, 2018) 

UHPC is an optimized concrete with a water to cement ratio usually below 0,25. It has a very 

high particle packing density obtained by optimised combination of cement, silica fume, quarts, 

fine sand and other micro fillers. UHPC uses relatively large amounts of chemical admixture to 

enable flowing consistency.  

The microstructure of hardened binder matrix is very dense with non-existing Interfacial 

Transition Zone [ITZ] resulting in low permeability and superior durability to e.g. frost attack, 

chloride penetration, reinforcement corrosion, carbonation. In addition, high amount of cement 

enables to develop so called “self-healing” properties, which can seal formed crack without any 

external intervention,  (CBI, 2016). 

Advantages of UHPC: 

• High strength 

• Slender structure elements 

• Low permeability 

• Self-consolidating 

• Stable(no separation or segregation) 

• Improved durability 

• Smother finish 

• Absence of large aggregates which improved the capability to fill in complex forms 

with dense reinforcement 
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5.4 Examples applications of UHPC 

Until present, a significant number of structures have been built around the world using UHPC. 

Both technologies; precast and insitu were used.  

For example in Japan, prefabricated UHPC-beams were used for a bridge on the east Kushu 

expressway. The bridge had a span of 16m and consisted of four prefabricated beams with a 

later cast in place concrete deck. In comparison it would have required 11 tensile chord concrete 

beams to achieve the same capacity. Another spectacular example is the used of UHPC for 

extension of the Haneda airport in Tokyo, figure 2.  

  

Figure 2 – Haneda airport expansion using prefabricated UHPC elements (al, 2008:10) 

The first bridge to use UHPC in Canada was the pedestrian/bikeway bridge in Sherbrooke, 

Quebec, Figur 3. The structural concept consists of a space truss with a top UHPC chord that 

serves as the riding surface, two UHPC bottom chords, and truss diagonals that slope in two 

directions. Each diagonal consists of UHPC confined in 152-mm-diameter stainless steel tubes. 

The bridge was constructed from six prefabricated match-cast segments with two half-spans 

assembled prior to erection across the river to create a 60-m long span. 
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Figur 3 - Pedestrian bridge in Sheabrooke in Canada built in 1997 (Denis Arkadiusz, 2014) 

The application of UHPC in infrastructure has lately become more common. In Table 2 some 

examples of where UHPC has been used in Europe. 

Table 2 - UHPC applications in Europe (FHA, 2013) 

Name Country Year Application 

WILD bridge, Völkermarkt Austria 2010 Arch bridge with five straight chords 

Bakar bridge Croatia — Arch bridge 

Sermaises footbridge France — U-shaped footbridge with a 30-min fire 
rating 

Name Country Year  Application 

Bourg-Les-Valence overpass 
bridges (2) 

France 2001 Pi-shaped beams (double tee) 

PS 34 overpass on the A51 
Campenon Bernard 

France 2005 Precast, post-tensioned segmental 
single cell box girder 

Sainte Pierre La Cour bridge, 
Mayenne 

France 2005 Precast, prestressed I-beams and deck 
panels 

Pinel bridge, Rouen France 2007 Prestressed beams 

Pont du Diable footbridge France 2008 Prestressed beams and deck to form a 
U-shape 

TGV East High Speed Line, 
aqueduct 

France — Post-tensioned U-shape 

Angels footbridge, Herault France — 221-ft span, 5.9 ft-deep section 

Pedestrian/cycle track Niestetal Germany — Post-tensioned trough section 
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Gaertnerplatz bridge, Kassel Germany 2007 Variable depth space truss 

Obertiefenbach Germany 2007 Waterproofing layer and hinge 

Friedberg Germany 2007 Pi-shaped beam 

Weinheim Germany 2007 Pi-shaped beam 

Rehabilitation of orthotropic bridge 
deck, Caland 

Netherlands — Toppings and deck panels 

Kaag bridges, Sassenheim Netherlands 2002 Deck panels 

Log Cezsoski bridge Slovenia 2009 Bridge deck overlay 

Luaterbrunnen footbridge Switzerland — Flooring 

Single span road bridge Switzerland 2004 Rehabilitation and widening of a bridge 
deck 

Crash barrier repair Switzerland 2006 Protective surface layer 

Bridge pier repair Switzerland 2007 Precast panels for a protective layer 

 

5.5 Durability  

Freeze Thaw 

When conventional test methods for freeze-thaw cycles such as ASTM C666 - Method B have 

been applied to UHPC the un-hydrated cement present in the concrete hydrates when it comes 

in contact with water. At the points where water penetrates the test cube, the dynamic modulus 

increases which will result in a locally more hydrated concrete and therefore a higher 

performance of the concrete. In practice, freeze-thaw testing can indicate that the UHPC 

performance is bolstered through exposure to these conditions, while the thaw portion of the 

cycle is facilitating delayed hydration and a requisite dynamic modulus increase. An 

investigation was made with UHPC where half of the casted specimens were subjected to a 300 

freeze-thaw cycle. The bond-strength was evaluated using an indirect splitting test. The 

conclusion of the test was that the samples exposed to a freeze-thaw cycle achieved higher bond 

strengths than samples with a dry substrate (FHA, 2013).  

Carbonation of UHPC 

Young conventional concrete has a pH value of 12-13. Over time the CO2 in the atmosphere 

or from other sources, will react with the Ca(OH)2(Calcium hydroxide) in the concrete resulting 

in CaCO3(Calcium carbonate) and a drop of the pH value to around 7 which is lower than the 

passivation threshold of steel. For reinforced concrete this poses a durability problem due to the 

progression of Carbonation in the concrete which eventually will reach the steel reinforcement 

and enable corrosion of the reinforcement. The corrosion creates iron oxide which also 

increases in volume and leads to cracking or spalling of the concrete and a decrease of bearing 

capacity of the structure element. The carbonation resistance for normal concrete depends 

mainly on the amount of cement and the water to cement ratio, where higher amount of cement 
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and a low water to cement ratio is beneficial due to a lower permeability and higher strength of 

the concrete. The replacement of cement with flyash have been shown to decrease the 

carbonation resistance of the concrete due to the decrease of Ca(OH)2 from the cement and also 

the high consumption of Ca(OH)2 from the flyash. The use of silica fume in the mix will 

improve the carbonation resistance significantly due to the small particles of the SF and 

hydration by consumption of CH from the cement hydration, which leads to a denser cement 

matrix  (Peng Zhang 2012). UHPC concrete is characterized by a very low water to cement 

ratio, optimized microstructure, use of micro fillers such as silica fume and quarts, which leads 

to a very dense microstructure and a high carbonation resistance. In a study with UHPC where 

the carbonation was determined for 16year old concrete. It was concluded that the carbonation 

of the concrete was less than 1mm and suggested that the concrete was not prone to, “almost 

immune”, to carbonation which implications on the increase of durability is considerable 

(Carmen Andrade 2013).  

Chloride penetration 

Concrete exposed to chlorides is a major contributing factor for corrosion of steel 

reinforcement. The chlorides usually come from salt water for maritime constructions or de-

icing salts used on roads and bridges. For corrosion to occur, four conditions must be satisfied; 

high chloride concentration at the rebar level, presence of moisture, presence of oxygen, high 

electrical conductivity and pH level less than 9. The permeation of chlorides at the rebar can 

reduce the pH to a level at which the oxidation reaction for corrosion may occur. The 

penetration depth of chlorides in UHPC is however very low which was shown for tests made 

through capillary electrophoresis method where the chloride penetration and diffusion was 

measured. The result showed that the penetration depth for the UHPC reached approximately 

9mm in the concrete and then dropped to the “zero” point. In conclusion, UHPC has very high 

resistance against chloride penetration (Pernicova 2014). 

Crack risk 

Cracking of concrete can be problematic if the cracks exceeds the design width acceptable for 

the structure due to the possible ingress of deleterious materials through the crack which can 

cause short and long-term damage to the structure element. In UHPC the water to cement ratio 

is usually below 0,25 and with a high percentage of cement in the mix This means that there 

will be a significant amount of cement in the concrete that has not hydrated. It has been shown 

that cracks as occurred in UHPC have self-healed after the ingression of moisture in the crack, 

which have reacted with the un-hydrated cement and resealed the crack.  

5.6 Materials 

The constituent materials used to produce UHPC are generally the same as for conventional 

concrete except for a higher powder rate (quartz fillers, cement, silica fume), smaller max 

aggregates size and a high dosage of chemical admixtures.   
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5.6.1 Binders 

Portland cement is the primary binder used for production of UHPC. One of the reasons for the 

choice of cement is the low C3A content. It has been indicated by (De Larrard, 1994) and 

(Richard, 1995) that a low amount of calcium aluminates minimizes the water demand of 

cement. It has also been shown by  (Spiratos, 2003) that a high C3A content also affects the 

superplasticizer effectiveness negatively. Superplasticizers based on sulfonate where prone to 

interact with the C3A. Newer polyacrylate based SP are less susceptible to this interaction. 

Finer cements with a high specific surface area has a much higher water demand, which worsens 

the workability of the mixes. In a study made on several different cements for RPC(Reactive 

Powder Concrete) a low Blaine fine and coarser cements with a low content of C3A where 

shown to be beneficial for the workability of the concrete mix (Bonneau ET AL).   

5.6.2 Micro fillers 

Most commonly used micro fillers are silica fume which reacts with CH (Calcium hydroxide) 

through pozzolanic reaction, quarts fillers which can be active when exposed to high curing 

temperatures. Other micro fillers that are being investigated and used are pulverized flyash, 

lime-stone, metakaolin or micronized, phonolith (Andrzej Cwirzen, 2006). 

5.6.2.1 Silica fume 

Silica fume consists of mainly spherical particles of amorphous silicon dioxide smaller than 

10–6 microns with a Blaine fines’s of 20 000m2/kg and is highly pozzolanic. It is collected by 

filters as a by-product of the smelting process to produce silicon metal and ferro-silicon alloys. 

It can be supplied as collected from the filters (un-densified), after treatment to increase its bulk 

density (densified), or as a slurry. Silica fume from more than one furnace, filter or intermediate 

storage silo will normally be blended in the production plant. Silica fume is also known as micro 

silica, condensed silica fume, volatilized silica or silica dust (CEN, 2009), (Khan, 2011). 

Silica fume is used in concrete and mortars to increase packing density, durability, rheology 

and compressive strength. The Silica fume acts physically to optimize the packing density and 

chemically as a highly reactive pozzolan. The microstructure for mortars or concrete with silica 

fume is denser leading to a lower permeability and higher electrical resistivity which increases 

the durability of reinforced elements and structures(Elkem, 2017), (Aïtcin, 1998). 

When silica fume is added to concrete it initially remains inert. Once the Portland cement and 

water in the mix starts to react with each other (hydrating), primary chemical reactions produce 

two chemical compounds: Calcium Silicate Hydrate (CSH), which is the strength producing 

crystallization, and Calcium Hydroxide (CH). CH crystals in cement pastes are a source of 

weakness since cracks can easily propagate through these crystals and affect the strength and 

durability properties of the concrete (Khan, 2011). When silica fume is added to the concrete 

pozzolanic reaction occurs between the silica fume and the CH, producing additional CSH in 

many of the voids around hydrated cement particles. This additional CSH provides the concrete 

with not only improved compressive, flexural and bond- strength but also gives the concrete a 
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much denser matrix. The voids that are filled, if remained empty would have been subject to 

possible ingress of deleterious materials (NORCHEM, 2017). 

Reaction of Portland cement and silica fume:

 

In a study done by (Grutzeck M, 1995) the reactivity of silica fume (SF) and calcium hydroxide 

(CH) for different ratios of SF:CH was estimated. For 2:1 mixes all CH was consumed by 7 

days and for mixes with ratio 1:1, 28 days was required before the CH was consumed. 

A study by (Chan, 2004) showed that the most optimum dosage of silica fume is between 20-

30% of the cement weight. This yields the highest bond strength between the surface of the 

fiber and the concrete matrix.  

According to (Mindess, 1988) the addition of silica fume increases the bond strength between 

silica fume and aggregate particles resulting in higher ultimate strength values.  

The addition of silica fume can decrease the water demand of the cement paste through 

increased packing density and thus less empty voids between the cement particles. Round silica, 

fume particle shape improves the rheological properties by a lubricating effect. However, a 

relatively large amount of chemical admixtures must be added to significantly reduce surface 

forces (Buitelaar, 2004).  

According to (Jiaxnin, 2002) the increased cohesiveness will benefit the hardened concrete 

structure in terms of reduced segregation and bleed water pockets under reinforcing bars and 

coarse aggregates. The silica fume is very effective in reducing bleeding, which can give 

problems of rapid surface crusting which can result in cold joints or surface defects if there are 

deviations in the delivery schedule and make it difficult to make a finish on the top surface 

(EFNARC, 2005).   

The Interfacial Transition Zone (ITZ), which is a zone between the hydrated cement matrix and  

coarser aggregates. The ITZ tends to be the weakest phase compared to the cement paste and 

aggregate particles. The cement in a fresh concrete mix is suspended in the mixing water and 

cannot pack together efficiently near a larger solid object due to the so called “wall effect”, 

which causes voids around the much larger particle.  

While mixing, larger aggregate tend to separate the water from the cement particle thus causing 

the narrow area around the aggregate particle to have a higher W/C and more porosity. Because 

of the larger pore volume, the ITZ is characterized by increased amount of Calcium Hydroxide 

(CH) crystals, which are weaker than the Calcium Silicate Hydrate (CSH) (Dr. Jeff Thomas, 

2018). The addition of silica fume reduces the thickness of the ITZ due to reduction of the 

amount of bleed water and also due to more intensive pozzolanic reaction between the silica 

fume and the calcium hydrate(CH) (Mindess, 1988), (Monteiro, 1990). 
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5.6.2.2 Quartz fillers 

Quartz fillers are available both as a raw material and as a by-product. At room temperature 

quartz remains inert and acts as a filler with a particle size between 5-100um. It tends to improve 

the packing density of the concrete. At higher temperatures, it can be activated and will consume 

portlandite through pozzolanic reactions. This activity can increase the compressive strength if 

the right proportions of quartz to cement is used (Andrzej Cwirzen, 2006). 

5.6.2.3 Fillers and aggregates 

Fine sand and coarser aggregates are generally inert inexpensive materials that are used as fillers 

when making concrete. In concrete technology and especially in self-compacting concrete and 

UHPC concretes grading of fillers and aggregates, maximum and minimum size are crucial. 

Right proportions will result in a denser more packed mix having a lower water demand due to 

less free inter-particle spaces. The optimization will yield a higher compressive strength, better 

rheology and lower water demand, which are important characteristics of a UHPC with self-

compacting properties. 

 

The use of inert materials and coarser fillers will also decrease the shrinkage of the concrete 

since the volume of the cement paste is smaller resulting is lower autogenous shrinkage and 

thus lower cracking risk, (Linmei Wu, 2017). 

5.6.3 Flyash 

As a by-product from thermal power stations, flyash has successfully been used as a 

replacement of Portland cement up to 30wt%. Because flyash is an environmental pollution and 

the cost of storing is very high the benefits of the utilization of flyash in concrete regarding both 

economy and environmental causes is clear.  

Flyash contains spherical particles which added into a concrete mix have a lubricating effect   

improving workability. In a study by (Peng Zhang, 2012) the effect of flyash replacement was 

investigated. The investigation showed that for cement replacement up to 15%, the slump flow 

increased significantly and when replacement over 15wt% the slump flow still increased but at 

a lower rate. The slump flow was for all cases of cement replacement higher up-to-30wt%. 

Concretes using flyash as a cement replacement have shown excellent mechanical properties 

and durability. However, the early age strength development is slower, (Peng Zhang, 2012). A 

higher level of cement replacement with flyash will generally decrease the early-age strength 

but the long-term strength can be equal that of concrete with Portland cement if sufficient curing 

is provided. The slow early age strength development of flyash concrete is caused by a lower 

hydration heat development, which can be utilized in massive structures such as dams to 

minimise the temperature of concrete. If higher early age strength is required when using flyash 

it can be obtained by using a lower W/C ratio, water reducing admixtures, increasing the cement 

content of the mix or the use of accelerating admixtures, (Michael Thomas Ph.D.). The use of 

flyash tends significantly to delay the setting time, which can be problematic for example in 
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cold weather conditions. The time to finish concrete works is also elongated similarly as 

demolding of formworks,  (Michael Thomas Ph.D.).  

5.6.4 Fibers 

UHPC behaves in a linear-elastic manner under loading and has a failure mode with very 

limited post-crack behavior, which causes a sudden failure. The incorporation of fibers mainly 

aims to bridge forming cracks and transfer loads to induce ductile behavior and to increase the 

flexural strength,  (Andrzej Cwirzen, 2006). In a study by (Hamdy K, 2016) the effect of 

incorporating 11-32,5% of steel fibers according to cement weight increased the compressive 

strength by 18,2% , the tensile strength by 66,1% and the flexural strength by 40%. It was also 

shown that longer fibers (l/d=50) increased compressive and flexural strengths slightly more 

than shorter fiber (l/d=30) with the same diameter of the fiber. 

One of the bigger problems related to the usage of fibers in concrete is to ensure correct fiber 

orientation and an even distribution within the binder matrix. When poured, fibers tend to orient 

itself in the direction of the flow of the concrete which if done improperly can cause the fibers 

to orient themselves in unfavorable directions leading to worse mechanical properties,  

(Schmidt, 2005). 

5.7 Mix design 

The mix proportions of the UHPC is somewhat problematic to predict with only theoretical 

models based on packing density and on optimization of grading curves due to number of 

chemical and physical interactions. These interactions affect the concretes fresh and hardened 

properties. A common approach when developing concrete is to choose the right grading curve. 

Studies in this area have been made during the 20th century and ideal-grading curves have been 

modelled. A drawback of the theoretical models is the over-simplification of the particle shape, 

which in many models is assumed to be spherical. This drawback can be overcome by 

complementing the theoretical model with experimental methods that measures packing density 

of single or multiple fraction mixes (Andrzej Cwirzen, 2006). 

The optimization of packing density of mix based on spherical particles is shown Figure 4. 

Empty spaces created between larger particles are filled with smaller and smaller spherical 

particles leading to increased overall packing density of that mix.  
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Figure 4 - Particle packing (CBI, 2016) 

For the mix formulation of UHPC the packing density and grading curve is paramount and a 

crucial step to obtain high strengths and high densities. (Richard, 1995) listed some basic 

principles for production of UHPC when implementing theoretical assumptions into practice: 

• optimization of the packing density 

• elimination of the coarse aggregates to eliminate formation of ITZ (Interfacial 

Transition Zone) 

• application of heat treatment to regulate the hydration process 

• application of pressure before and during setting of UHPC to lower porosity 

• incorporation of short steel fibers to improve ductility 

Implementation of these principles resulted in the production of “a standardized RPC concrete”. 

The typical mix had the water to cement ratio between 0.15 and 0.19, maximum aggregate size 

limited to 600 μm, addition of quartz fillers and silica fume. Some of the mixes implemented 

also short steel fibers.   
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6 Methods and implementation 

6.1 General 

A difficulty with UHPC is to maintain a workable mix that also yields a high compressive 

strength and contains larger amounts of fillers, binders and very low water to cement ratio.  

The used testing program is shown in Figure 5. The laboratory investigation consisted of tests 

done on smaller and bigger mixes. Tests using smaller amount of concrete focused on the 

determination of the packing density, fresh concrete properties and strength. The packing 

density was determined with the “Punkte”-method that to optimize the granular mixtures water 

demand. The constituent materials properties including sieve curves, unit weight, compact unit 

weight, and shape of the grains were also determined.  

 

Figure 5 - Outline of the experimental test program 
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6.2 Materials 

6.2.1 Cement 

Sulphate resistant Portland cement, type CEM I 42,5N produced by Cementa AB in Degerhamn 

– Öland was used due to its weaker interaction with chemical admixtures. Physical and 

mechanical properties of the cement are shown in Fel! Hittar inte referenskälla. Fel! Hittar 

inte referenskälla. .  

Table 3 - Technical data for the used cement (provided by Cementa AB) 
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6.2.2 Quartz 

The Quarts was provided by Sibelco Nordic AS and its properties are shown in Fel! Hittar inte 

referenskälla.. 

Table 4 - Norquartz 45 properties 

Size(µm) Percent finer 

<10 38 

<20 68 

45 99,2 

Component Average (%) 

���� 99,6 

����� 0,25 

�	��� 0,02 


�� 0,15 

Specific gravity (g ���)⁄  2,65 

pH 6,5 

 

6.2.3 Microsilica  

Condensed Microsilica produced by Elkem type Grade 920D ASTM used in this research. It 

conforms to ASTM C1240-14, Standard Specification for Silica Fume Used in Cementitious 

Mixtures (American Society for Testing and Materials). Amounts used in this project ranged 

from 10wt% to 25wt% of cement. Chemical and physical properties are displayed in Fel! Hittar 

inte referenskälla.. 

Table 5 - Chemical and physical properties of Elkem silica fume 

Property Specified value(ASTM C1240-14) 

SiO2 Minimum 85% 

H2O Maximum 3% 

Loss on Ignition Maximum 6% 

Specified Surface Area Minimum 15m2/g 

Pozzolanic Activity Index, 7 days Minimum 105% of control 

Retained on 45 micron sieve Maximum 10% 

Specific gravity 2200kg/m3 
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6.2.4 Flyash 

The used flyash was provided by Cementa AB and its chemical composition in shown in Table 

6Fel! Hittar inte referenskälla.. 

Table 6 – Chemical composition of the used flyash 

6.2.5 Sand 

Sibelco provided the used fine sand. The sand called as Baskarp sand was extracted from 

Vättern in Sweden. Four different grades were used; B15, B35, B95 and B1-3. The sieving 

curves for each grade are presented in Figure 6, chemical and physical properties in Table 7. 

Table 7 - Chemical composition and physical properties of Baskarp sand 

Chemical composition 

SiO2 Ca 90% 

Al2O3 4,9% 

Fe2O3 0,5% 

K2O 2,0% 

Na2O 1,2% 

Physical properties 

Sintering point 1270Celcius 

Grain shape Edge round 

Coulour Beige 

Specific gravity 2,650kg/m3 

 

 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O TiO2 MnO P2O5 SO3 Cl 
Specific 

gravity kg/m3 

Composition 

of Fly ash 

Wt.% 
6.1 48.1 18.9 7.79 1.84 1.06 2.26 0.84 0.0729 0.437 - - 2600 
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Figure 6 - Baskarp sand grading curves 

6.2.6 Steel fibers 

The steel fibers used was produced and provided by Saint-Gobain – Fibraflex. Technical data 

on the fibers are presented in Table 8. 

Table 8 - Technical data of steel fibers 

Reference FF15E0 

Length 15mm 

Width 1mm 

Thickness 24µm 

Equivalent diameter 0,18mm 

No. Of fibers perkg 385000 

Density 7250kg/m3 

Tensile strength 1400MPa 

 

6.2.7 Chemical admixtures 

The chemical admixture used for the mortar mixes was a polycarboxylate-based 

superplasticizer which conforms to the requirements of the EN 934-2:2009+A1:2012 standard 

(CEN, 2012). When added to the concrete mix a lower water to binder ratio can be obtained by 

keeping the same of enhancing the fresh concrete workability. The use of superplasticizer can 

also improve the workability in such a manner that no external mechanical vibration is required 

to consolidate the concrete, thus the concrete possesses self-compacting properties.Some 

superplasticizers especially when used in high contents tend to have retarding and air-entraining 

effects (BASF, July 2015).  
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The superplasticizer used in this study was MasterGlenium ACE 30 provided by BASF which 

is a high range water reducing admixture with optimized dispersing effect specialized for use 

in high strength self-compacting concretes with rapid strength development, Table 9. The 

molecular configuration of MasterGlenium ACE 30 accelerates the cement hydration by 

allowing an increased surface area of the cement particle to react with water. Normal dosage of 

the admixture is 0,2-2,5% of cement weight (BASF, July 2015). 

Table 9 - Technical data ACE30 (BASF, July 2015) 

Technical data  

Structure of the material Modified Polycarboxy Ether Based 

Appearance Turbid liquid 

Color  Brown 

Density at 20°C 1,064 ± 0,02kg/liter 

Dry content 30% ± 1% 

Compressive strength At 28 days; test mix ≥90% of control mix 

Air content in fresh concrete Test mix ≤ 2% by volume above control mix 

Chloride ion content  <0,01% 

PH 5-7 

  

6.2.8 Coarse aggregates 

The coarser aggregates used in some of the mixes were crushed granite and were provided by 

Jehander. Sieve curves were determined according to SS-EN 933-1:2012 Test for geometrical 

properties of aggregates – Part 1: Determination of particle size distribution – sieving method 

(CEN, 2012), Figur 7Fel! Hittar inte referenskälla.. Specific density was determined for both 

grain distributions to be 2650kg/m3.  
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Figur 7 - Sieve curve for coarse granite aggregates 

6.2.9 Water 

The water used for mixing the concrete was ordinary tap water taken and had temperature of 

20oC. 

6.3 Test methods 

6.3.1 Punkte 

To determine the proportions between two or more materials resulting in the lowest water 

demand and the highest packing density the “Punkte”-method was used. The materials(Quarts 

and Sand) were placed in a beaker and then manually mixed thoroughly until a homogenous 

mix was obtained. At that point water was added gradually and the mix stirred again so that the 

added water was dispersed evenly in the mix. When the mix had been stirred it was tapped until 

a closed structure was obtained. At this point more water was added with a small spoon, then 

stirred and tapped again. This procedure was repeated until the saturation point was reached, 

when the surface appeared glossy, Figure 8. 
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Figure 8 - Schematic description of the Punkte – test (Andrzej Cwirzen, 2006) 

The experiment was conducted for quartz and four different grades of sand, which are described 

under section Fillers and aggregates5.6.2.3. Each experiment took approximately 10 minutes 

and the total weight of the dry-mixes varied between 150-250 grams. To compare the lowest 

water demand to saturate each sample the results was recalculated to kg-water/kg-sample with 

equation 1: 

�� !"#$%"& '% ( �)/�%#+ (1) 

Where: 

�): Total amount of added water at saturation point. 

�%#+: Total dry sample weight. 

 

The test was done first for quartz and B15 sand. The ratio of the binary mix that had the least 

amount of water needed to saturate the mix was then fixed and coarser grade of sand was put 

into the mixture and then the procedure was repeated for all four grades of sand. The results 

from tests made on the binary materials was later repeated for the mortar mixes to see if the 

results from the Punkte test would be as pronounced in a mix with all other constituent 

materials 

6.3.2 Preparation of smaller volume mixes 

Cement, silica, flyash and quarts were weighed and placed in the mixer as first followed by 

layers of sand what helped to minimize the loss of materials. The purpose of mixing dry the 

constituent materials prior to adding water and superplasticizer is to obtain an even distribution 

and homogenous final mix. 
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The superplasticizer and the water was tapped up and weighed in separate containers. The water 

was poured into the container with the plasticizer so that the water and SP would mix 

thoroughly.  All materials including the water and superplasticizer was stored in 20oC. 

The mixing procedure followed the following steps: 

1. Mixing the superplasticizer with the water. 

2. Placing the dry materials (cement, silica fume, flyash, quartz and aggregates) in the 

mixing bowl and mixing for 1 minute. 

3. Adding the superplasticizer/water-solution to the dry mix while the mixer was stirring.  

4. Continued mixing until the mix “breaks” (the wetting time), a point where the mix 

becomes a thicker paste.  

5. Continuing mixing until maximum flowability was achieved. 

After mixing of the mortar was done the mix was casted in 10x10x10cm cubic steel forms 

without any outside compaction. The mini cone test was performed on the fresh concrete to 

measure the mini cone flow as described in 6.3.4.1. The procedure to this point was completed 

within 20 minutes for one mixture.  

All casted specimens were stored under a plastic foil for 24 hours to prevent water evaporation. 

The specimen’s compressive strength was measured after 24 hours. Those samples that were 

stored longer than 24 hours was placed in water filled containers after the first 24 hours of 

curing.  

The mixer used was a Hobart mixer, figure 9. 

 

Figur 9 - Hobart mortar mixer(authors own photo) 
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6.3.3 Preparation of large volume mixes 

Proportions for small volume mixes were weight-based according to the amount of cement 

weight. For the large volume mixes proportions were recalculated kilograms per cubic meter. 

The calculations were based on the materials compact densities and with an assumed air content 

of the concrete of 2,5%.  

The basic principle for the calculation is as in the equation 2 below: 

&,

-,
+ 0,025 ( 1    (2) 

Where: 

�4 is the mass of respective material that is put in the mix, in kg; 

54 is the compact density for respective material, in kg/m3. 

All constituent materials were prepared directly in the mixer bowl or in large barrels and buckets 

with lids so that more mixes could be prepared and stored in the laboratory. The mixer used for 

mixing the concrete was a Zyklos rotating pan mixer, Figure 10. The mixing procedure followed 

the same steps as described in section 3.1.1. 10x10x10 cm cubes and 10x10x50 cm beams were 

cast. 

 

Figure 10 - Zyklos rotating pan mixer(authors own photo) 
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6.3.4 Fresh concrete properties 

The fresh concretes properties were tested using the mini-cone for the mortar mixes and the 

slump-cone for large volume mixes.  

6.3.4.1 Mini cone 

The mini cone test is usually made for mortar mixes to evaluate the flow of a mortar. The 

equipment and test procedure are in most the same as described in (CEN, 2011), with the main 

difference that the equipment is scaled downed in size. The equipment consists of a mini cone 

of brass and a plate with diameter of 250mm, also made of brass on a stand, Figure 11. 

Test procedure 

The brass plate and cone were wetted before the test. After filing with concrete, the cone was 

lifted and the maximum flow of the mortar was measured at the time when the concrete stopped 

flowing. 

 

Figure 11 - Mini cone equipment (authors own photo) 

6.3.4.2 Slump flow and T500-test 

The slump flow and 6788 tests were used to determine the workability and the flow-ability of 

large volume mixes. The results of the tests gave an indication of the fresh concretes ability to 

fill out a casting form. The 6788 test measures the time in which the concrete reaches a diameter 

of 500mm. This gives an indication of the viscosity of the self-compacting concrete. 

The equipment used and the execution of the test was in accordance with SS-EN 12350 – 8. 
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The equipment consisted of a steel cone with open top and bottom and a base plate with 

geometry and markings, Figur 12.  

 

Figur 12 - Slump-flow equipment (CEN, 2011) 

 

Test procedure. 

The detailed procedure of this test is described in “SS-EN 12350-8, Testing fresh concrete - 

Part8: Self-compacting concrete - Slump-flow test” (CEN, 2011). First, the cone and the base-

plate are cleaned and placed on a stable leveled surface. Just before the test is started the cone 

and the base-plate are wetted.  The cone is placed in the middle of the base-plate and is then 

filled with fresh concrete. When the cone has been filled it is lifted straight up in 1-3s time. The 

timer is started when the cone is lifted, and stopped as soon as the concrete reaches the 500mm 

mark-on-the-base-plate.-The-result-is-measured-to-nearest-0,1s.  

After the concrete has stabilized the largest diameter, d1, is measured and then another 

diameter, d2, perpendicular to d1 is also measured. The slump flow is the mean of d1 and d2 

and rounded to +/- 10mm. If the difference between 9: and 9� is greater than 50mm, a new 

sample is taken. If the second sample have a difference between 9: and 9� greater than 50mm, 

the-concrete-lacks-necessary-flow-ability-and-the-test-is-void.  

The concrete spread is checked for signs of segregation. If the outer ring of the spread is 

different in composition than the middle of the spread, could be because the concrete has 

segregated. 
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The test results are calculated through equation 3. 

�� (
%;<%=

�
     (3) 

Where 

�� is the slump-flow, in millimetres; 

9: is the largest diameter of flow spread, in millimetres; 

9� is the flow spread perpendicular to 9:, in millimetres; 

The results from the slump flow(SF) test and t500 determines the class the concrete is 

categorized as. There are three classes for slump flow and two classes for viscosity presented 

in-Figure 13.

 

 

Figure 13 - Table 6 and 7 from EN 12350-8 

6.4 Tests on hardened concrete 

6.4.1 Compressive strength and density 

The compressive strength was evaluated following the “SS-EN 12390-3 Testing hardened 

concrete – Part 3: Compressive strength of test specimens” (CEN, 2012). 

After casting, the produced 10x10x10cm cubes were first stored under a plastic foil for 24hours 

to prevent moisture loss of the specimens. After 24 hours, cubes were either tested for 24-hours 
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compressive strength or moved into a container filled with water where they remained until the 

test. The specimens were also weighed and then measured to determine their density. 

The test machine and the specimens were if needed, cleaned before testing to make sure that 

the test surfaces would get planar contact with the test-machine surface. The specimens were 

turned on the side with respect to their position as moulded and placed centrally in the press, 

figure 14,  and then a load of 1kN/s was continuously applied until the cube failed. 

 

 

Figure 14 - Compressive strength test machine(authors own photo) 

The compressive strength was determined at different ages 1, 7, 14, 28 and 56 days (after 

casting). For the large volume mix three specimens were crushed and average value was 

calculated. For the smaller mortar-mixes, usually only one cube was casted and tested after 1 

day or 7 days. The compressive strength was calculated using equation (4) and rounded to the 

nearest 0,1 MPa (>/���). Satisfactory failure modes are shown in Figure 15 and un-

satisfactory in Figure 15.  

?@ (
A

BC
      (4) 

Where: 

?@ is the compressive strength, in MPa (>/���); 

� is the maximum load at failure, in (>); 
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�@ is the cross-sectional area (���) 

 

 

Figure 15 - Proper failure modes for cubes (CEN, 2012) 

 

Figure 16 - Improper failure modes for cubes (CEN, 2012) 

 

The density was determined dividing the weight of each cube by its volume of the cube. The 

weight of the cubes was determined as saturated surface dry weight on 1-day old specimen’s 

strength, (CEN, 2009). 

6.4.2 Flexural strength 

The flexural strength was evaluated in accordance with the “SS-EN 12390-5 Testing hardened 

concrete – Part 5: Flexural strength of test specimens” (CEN, 2009). 

The casted beam 10x10x50cm were demoulded after 24 hours and then stored under water until 

about one hour before testing at an age of 28 days. The used setup of the test is shown in Figure 

17Fel! Hittar inte referenskälla.. Beams were first tuned orthogonally on the side with respect 

to their moulding position. Three beams were tested for each batch. The load was applied 

continuously until a fracture occurred on the beam. The test machine automatically recorded 

the peak-load at that point. 
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Figure 17 - Flexural strength testing (CEN, 2009) 

The flexural strength was calculated following the equation (3). The results of the test were 

expressed to the nearest 0,1�DE (> ���)⁄ . 

 

?@F (
�∗A∗H

�∗%;∗%=
=      (5) 

Where; 

� is the maximum load, in N; 

� is the distance between the supporting rollers, in mm; 

9: and 9�  are the lateral dimensions of the cross-section, in mm. 

?@F is the flexural capacity, N/mm2 

7 Test results and discussion 

7.1 Packing density - Puntke test 

Obtained test results are presented in Appendix A - Table 16 and in figures below. The test was 

made first for a combination of quarts and the B15 sand. The combination that gave the lowest 
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water demand was fixed before testing of ternary mixes with additional coarser sands was 

performed.  The water demand to saturate tested combination ranged from 0,1436 to 0,2632 kg-

w/kg where the lowest water demand was found for a combination of Q/B15=0,3/0,7 and the 

combination which had the highest water demand for Q/B15=1/0, Fel! Hittar inte 

referenskälla.. The decrease in water demand for the highest to lowest value was 0,1196 kg-

w/kg or 45%.  

Results obtained from a combination of quarts and B15 sand fixed at Q/B15=0,3/0,7 and 

combined with various amounts of a coarser B35 sand are shown in Figure 18. The water 

demand to saturate tested combinations ranged from 0,1174 to 0,1436 kg-w/kg where the lowest 

water demand was found for a combination of (Q/B15)/B35=(0,8)/0,2 and the combination 

which had the highest water demand for (Q/B15)/B35=(1)/0. The decrease in water demand for 

the highest to lowest result was 0,0262 kg-w/kg or 18,2%. 

 

 

Figure 18 - Puntke test results for combination of Quartz and B15 sand 
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Figure 19 - Punkte test results; Quarts and B15 versus B35 

 

Results from the Punkte test with the proportion of quarts, B15 and B35 sand ratio locked at 

the ratio versus B95 sand are shown in Figure 20. The water demand to saturate tested 

combinations ranged from 0,1025 to 0,1174kg-w/kg where the lowest water demand was found 

for a combination of (Q/B15/B35)/B95=(0,4)/0,6 and the combination which had the highest 

water demand for (Q/B15/B35)/B35=(1)/0. The decrease in water demand for the highest to 

lowest result was 0,0149kg-w/kg or 12,7%. 

 

 

Figure 20 - Punkte test results; (Q/B15/B35)/B95 

 

Fel! Hittar inte referenskälla.Results from the Punkte test performed on mixes combining 

quarts, B15 and B35 sand with ratio fixed at 0,24/56/0,2 versus B1-3 sand are shown in Figure 

21. The water demand to saturate tested combinations ranged from 0,0909 to 0,1025kg-w/kg 
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where the lowest water demand was found for a combination of (Q/B15/B35/B95)/B1-

3=(0,4)/0,6 and the combination which had the highest water demand for (Q/B15/B35/B95)/B1-

3=(0)/1. The decrease in water demand for the highest to lowest result was 0,0143kg-w/kg or 

13,6%. The least amount of water to saturate a combination of sand and baskarp sand was for 

(Q/B15/B35)/B1-3=(0,13/0,29/0,18)/0,4=0,0909kg-w/kg. The highest amount of water needed 

was with only quarts which had a water demand of 0,2661kg-w/kg. A total decrease of 

0,1751kg-w/kg or 65,8% between the highest and lowest water demand was obtained through 

the Punkte test. 

 

 

Figure 21 - Punkte test results; (Q/B15/B35)/B1-3 

 

Quartz and four different gradings of baskarp sand(B15, B35, B95 and B1-3)  were used in the 

performed Punkte test. Obatined results enabled to determine an optimum mix proportions 

endure the lowest water demand and thus the highest packing density.  

The effect of how different gradings of the tested materials complement each other by filling 

up the voids that each grading wont be able to fill by itself becomes clear from the summary of 

results from the Punkte test in Figure 22 can clearly be seen that if the mixture only contains 

sand or quarts it will have a higher water demand then any combination of quarts and different 

gradings of Baskarp sand. These result indicates that there is less space available for the water 

and a higher packing grade should have been achieved by mixing certain proportions of 

different grades of Baskarp sand and Quarts. 
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Figure 22 - Summary of Punkte test 

 

The result showed a total decrease by 66% (1-lowest/highest) in the total amount of water 

needed to saturate a combination of baskarp sand and quarts. The water demand of a concrete 

mix where the fillers are optimized in this way will have lower water demand than a mix with 

only one grading of sand. This also means that if the filler materials are optimized a lower or 

equal water to cement ratio can be achieved by either keeping the same amount of cement or 

lower the amount of cement in the mix. 

The method used to find the optimum mixture of sand and quarts was to find a mixture of Quarts 

and the finest sand (B15). The optimum mix composition between Quartz and B15 was 

establised and that combination was fixed before another coarser sand was introduced. The new 

optimum combination was then found for the Quarts and two gradings of sand. This procedure 

was repeated all four used sand types.  

Lower amount of quartz should also give an earlier breaking time and a better slump flow with 

less required plasticizer due to a smaller total specific surface area of the fine particles.  

7.2 Tests on UHPC mortars – small volume 

In this section, the results from mortar mixes made to evaluate the effects of packing density, 

silica content, plasticizer content, on workability and compressive strength values.   

7.2.1 Effects of silica content 

Three different amounts of silica fume; 10, 15 and 20 wt% of cement were used to evaluate 

effects on workability, 1-day compressive strength and breaking time. 
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Table 10  - Mixes used to study effects of SF on workability and compressive strength 
 

M33 M34 M31 

Cement amount 1 

Cement type CEM I 

Silica fume 0,1 0,15 0,2 

Sand B15 0,7 

Quartz 0,3 

SP(W+solid) 0,045 

W/C 0,22 

W/B 0,2 0,191 0,183 

Breaking time 

(min) 

6 7 8,5 

Total mixing time 

(min) 

10 11 12 

Slump flow (mm) 250 240 210 

1 Day compressive 

strenght (MPa) 

52,4 55,9 53,6 

The recorded slump flow and 1-day compression strength values are shown in Figure 23.  The 

compression strength increased with increasing silica fume content by 10% to 15% from 

52,4MPa to 55,9MPa. When increasing the silica fume content from 15% to 20%, it resulted in 

a decrease of the compression strength from 55,9MPa to 53,6MPa. The addition of silica fume 

worsened the mini cone flow and prolonged the breaking time of the mix, Figure 24.  Increase 

of the SF content from 10% to 15% SF caused decrease of the slump flow from 250mm to 

240mm. The breaking time increased from 6 to 7 minutes.  Increase of the SF content from 15% 

to 20% the mini cone flow decreased from 240mm to 210mm and the breaking time increased 

from 7 to 8,5 minutes. 

The highest compression strength was obtained for 15% of silica fume content and the highest 

slump flow at 10% of SF. The time to break the mix was longer when more silica fume was 

added. Increasing SF content caused elongation of the breaking time during mixing by 2 

minutes while SF amount increased by 10 wt%. 
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Figure 23 - Effect of silica fume content on 1-day strength and slump flow 

 

Figure 24 - Silica content versus breaking time 

The results showed that an optimal content of silica for this type of mix is at 15% of cement 

weight with the criteria’s; high strength and high mini cone flow. Silica fume fills empty spaces 

between cement grains otherwise occupied by water. It results in decreased water demand and 

increases packing density of the mix. At the same time fine silica fume will require increased 

more water and addition of chemical admixture to maintain the same slump flow, (Buitelaar, 

2004). The mini cone flow decreased and the mixing time was longer. It can be related to the 

increase specific surface area. Furthermore, higher amount of fine material requires more 

energy to ensure efficient dispersion and homogeneity of the mix. Mixing time is usually 

significantly longer. Earlier studies indicated that the dosage of water-reducers and 

superplasticizers should be done by the weight of silica fume rather than by the cement weight 

in order to keep the water demand similar to the control mix and maintain the same slump flow  

(Alshamsi, 1993). The equal water to binder ratio is considered as described in EN-206 
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Concrete – Part 1  (CEN, 2013) where an efficiency factor, k, is used for calculating the equal 

water binder ratio for concretes with silica fume which could be used if extra water is added to 

keep the same water to binder ratio of the concrete. The efficiency factor k for silica fume is 2,0 

for addition of silica fume less or equal to 11% of cement weight according to EN-206-1. If 

more than 11% is added a factor of k=1 is used for the exceeding amount. If this is implemented 

for mixes made with different amount of silica fume an extra addition of 9,2% of water could 

be added for the mix with 0,2SF and 9,1% to the mix with 0,1SF and the water to binder ratio 

according to EN 206-1 would remain the same. This would certainly have a positive effect on 

the slump flow and breaking time of the mixes. The effect on the W/C ratio would increase 

from 0,22 to 0,24 for SF content of 0,1SF to 0,2SF. The compressive strength would be lowered 

with increasing water amount. 

When increasing dosage of silica fume the compressive strength starts to decrease which is a 

cause of how the silica fume works both chemically and physically; chemically the silica fume 

reacts with calcium hydroxide (CH) from the hydration of Portland cement which increases the 

bond strength and physically the silica fume increases the packing density and decreases the 

pore volume. If higher dosage of silica fume is added there will be a certain amount of silica 

fume that does not reacts and remains inert which can be the weakest point in the concrete 

(EFNARC, 2005) (Shaban, 2012). 

The-determination-of-the breaking time”, the time when mix becomes fluid during mixing 

process, was determined by visual observations and thus it is not very precise.  

7.2.2 Effects of SP content 

The effects of the superplasticizer dosage (BASF MasterGlenium ACE30) on workability and 

1-day compression strength values are shown in Figure 25. Fel! Hittar inte referenskälla.The 

proportion of SP was based on the cement weight. The result showed an almost linear decrease 

of 1-day strength when increasing SP content where the strength values went down by 58,2MPa 

or 91% from 2% to 12% of SP content in the mix. The mini cone flow increased by 85% 

(100mm�185mm) when the amount of SP was increased from 2% to 4%. After that point the 

increase of SP content showed a weaker effect. Increase of the SP content from 2% to 12% 

enhanced the slump flow from 100mm to 240mm or 140%. 
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Table 11 - The mixes used to study effects of the amount of SP on the slump flow and the 

compressive strength 
 

M20 M21 M15 M22 M23 

Cement amount 1 

Cement type CEM I 

Silica fume 0,25 

Sand B15 0,7 

Quartz 0,3 

SP(W+solid) 0,02 0,04 0,07 0,09 0,12 

W/C 0,24 

W/B 0,192 

Breaking time 9,8 7,3 6,3 5,6 5,1 

Casting mix time 12,0 9,5 7,5 7,5 7,0 

Flow 100 185 210 230 240 

1 Day 63,4 53,0 34,6 25,2 5,2 

 

Figure 25 - The effects of the SP amount on the 1-day compressive strength and the slump 

flow. 

Effects of different superplasticizer dosage on the slump flow and the breaking time are shown 

in Figure 26. The flow and breaking time improved drastically when increasing the SP content 

from 2-4% At higher dosages the flow and breaking increased but to a smaller extent. 
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Figure 26 - The effects of the SP content on the slump flow and the breaking time. 

The effects of superplasticiser dosage on the 7-day comprerssive strength values were 
determined on mixes M29 an M30 shown in Fel! Hittar inte referenskälla., and obtained 
results are shown in Figur 27. The result showed a difference of 6,95% (106,2-99,3MPa) higher 
strength with 3% of the SP compared to the mix with 5% of the SP.  

Table 12 – The mixes used to study the effects of SP content on the 7-day compressive strength 

values 
 

M29 M30 

Cement amount 1 

Cement type CEM I 

Silica fume 0,2 

Sand B15 0,7 

Quartz 0,3 

SP(W+solid) 0,03 0,05 

W/C 0,24 

W/B 0,200 

Breaking time 6,7 6,1 

Casting mix time 9,5 9,0 

Flow 225,0 240,0 

7day 106,2 99,3 
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Figur 27 - SP contents effect on 7-day compression strength 

Summarising the results related to the effects of SP a general trend to decrease of the 1-day 

strength with higher SP dosage was observed. This effect shows that there is a significant 

retarding effect of the used SP, which almost linearly decreases the 1-day compressive strength 

when using more of the SP than 2%. The SP works as a lubricant, which incapsulates the cement 

particles. This encapsulation is stronger with a higher dosage, which can hinder the start of the 

hydration process when using a high dosage of the SP. A normal recommended dosage 

according to the producer is 0,2-2,5kg per 100kg (0,2-2,5%) (BASF, July 2015) of cement. In 

this case, all but one mix had a dosage that exceeded recommendations. The effect of the SP 

was also for 7-day compressive strength values which decreased by 6,95% (106,2�99,3MPa) 

when the SP content increased from 3% to 5%. The retarding effect of the superplasticizer 

should disappear almost entirely over time. The used SP can increase the air content according 

to (BASF, July 2015). An addition of air into a concrete will increase the pore volume and 

decrease its compressive strength by 3-7%,  (The constructor, 2018). The air content was not 

measured in the present research but this effect is most likely the cause of lower compressive 

strength for the 7-day old concrete with different SP content.  

7.2.3 Effects of flyash 

The effects of flyash and W/B are shown in Figure 28. Replacement of cement with flyash 

increased the mini cone flow. At the W/C ratio of 0,22 the mix with flyash replacement flowed 

over the edge of the mini cone table which diameter is 250mm whereas the mix without FA had 

a mini cone flow of 210mm. The mix without flyash reached max measurable mini cone flow 

at W/B of 0,23.  
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Figure 28 - The effects of the W/C ratio and FA on the mini cone flow 

The effects of the W/C ratio and FA on the early age strength of the concrete are shown in 

Figure 29Fel! Hittar inte referenskälla.. Both the increase of the W/C and replacement of 

cement with FA decreased the 1-day compressive strength by 42-53%.  

 

Figure 29 - The effects of W/C ratio and FA on the 1-day strength. 

Summarizing, replacing 30wt% of cement with flyash improved the mini cone flow and slump 

flow of the concrete but at the same time, it decreased also the early age strength and a smaller 
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extent also the 28-day compressive strength. The replacement of cement with flyash made the 

mixes more viscous. Flyash is composed of spherical particles, which have a lubricating effect 

on the fresh concrete mix improving the workability. The observed decrease of the 1-day 

compressive strength of mixes containing flyash can be related to a slow pozzolanic reaction of 

flyash. The reaction usually is strengthened at later ages,  (Malhotra VM, 2000), (RN, 1983). 

The long-term strength was improved and will eventually equal to the Portland based concrete. 

Earlier study on the effects of FA on the slump flow showed that up to 15 wt% replacement 

tended to increase the flow significantly, (Peng Zhang, 2012). However, for higher 

replacement levels the slump flow started to decrease. The study also showed that the addition 

of flyash lowered the carbonation resistance due to a lower amount of a cement clinker which 

reduced the amount of Ca(OH)2. The carbonation depth however decreased significantly when 

introducing silica fume in the mix due to the smaller size of the particles, which fills the 

interspace around the flyash particles and take part in hydration, which makes the hardened 

concrete much more compact. 

The replacement of cement with flyash will affect the rate of the heat generation, which has 

been utilized in massive structures to minimize the temperature rise. The flyash affects the 

setting time, which can create problems in certain weather conditions including for example 

cold winter, (Michael Thomas Ph.D.). The use of flyash in cast-in-place slender UHPC 

structures should not be prone to the delayed hydration and low heat generation due to a very 

high amount of cement in the concrete. The slower hydration and strength development will 

also cause prolonged de-molding especially for supported form which can generate costs on 

site for cases when FA-concrete is used. 

7.2.4 Effects of different proportions of B15/Q 

In figure 21 the mini cone results from five mortar mixes that have the same proportions 

between B15 and Quarts, made to confirm the results from the Punkte test method made on the 

binary materials in section 7.1 are displayed. The results conform with the results from the 

Punkte test with the same optimal ratio between the quarts and sand fillers. The increase of mini 

cone-flow-was-25%-higher-than-other-tested-combinations. 

The results in Figure 30.Fel! Hittar inte referenskälla. conforms with the results in section 

7.1Fel! Hittar inte referenskälla.. A clear effect can be seen when varying the ratio of B15 

and Quarts which has a considerable effect on the workability of the concrete. This test also 

shows that the filler materials can be optimized separately without the risk that the silica, cement 

and flyash will affect the optimum combination of the quarts and sand. 

The 1-day compressive strength for the different proportions vary too much to give a clear 

indication of which combination that yields the highest strength. It seems however from the 1-

day strength test that if there is only quarts or sand in the mix it will probably give the highest 

and lowest strength of the concrete which can be explained due to the finer grain size of the 

quartz which increases the density of the hardened concrete due to a decrease of porosity.  

Since Quartz at room temperature is inert and none reactive due to the strong Si-O bond and 

macromolecular structure, the use of Quartz in the mix formulation will increase the packing 
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density and decrease the porosity and act as a filler. Quarts can however be activated at higher 

temperatures, heat treatment regimens during the curing of the concrete which will contribute 

to the strength of the concrete (Héléne Z, 1996), (Andrzej Cwirzen, 2006). 

More test should be made with at least three cubes per test and longer curing times. This is not 

conclusive and further testing on older concrete should be done to give a clearer picture. 

 

Figure 30 - The effects of quartz on the workability and the 1-day compressive strength 
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7.3 Tests on UHPC concretes - small volumes 

Three mixes without coarser aggregates, with coarser aggregates and with coarser aggregates 

and flyash replacement were used in this part of the study, Table 13.  

Table 13 – Concrete mix design and effect of coarser aggregates 
 

M54 M61 M62 

Cement amount 1 1 0,7 

Flyash   0,3 

Silica fume 0,2 

Sand B15 0,294 

Sand B35 0,180 

Sand B95 0,400 

Quartz 0,126 

Jehander 2-6  0,3 

Jehander 4-8  0,7 

SP(W+solid) 0,045 

W/C 0,22 

W/B 0,200 

Breaking time(min) 3,9 3,5 3,5 

Casting mix time(min) 6,0 6 6 

Mini cone flow(mm) 250 200 250 

28day(MPa) 132 84,8 80,9 

Mean density(kg/m3) 2330 2307 2217 

The addition of coarser aggregates reduced the 28-day strength of the concrete. This can be 

explained by that the addition of aggregates decreases the paste volume of the mix and change 

the microstructure and bonds in the concrete. The weakest link in the concrete when having 

larger aggregate particles is in the ITZ between the cement and aggregate particle which higher 

porosity, W/C and crystal structure directly affects the strength and stiffness of the concrete. 

The volume of ITZ increases with the increase of aggregates which tends to directly adversely 

affect the strength of the concrete (Dr. Jeff Thomas, 2018). The mini cone flow was decreased 

as well but improved when the flyash was used.  All the casted cubes with coarse aggregates 

exhibited early onset swelling of about 10-14% as seen in Figure 31. The reason for the 

observed swelling is unclear and more tests should be done in a future research. 
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Figure 31 - Swelling observed in mixes with coarse aggregates with and without FA 

7.4 Tests on UHPC mortars - large volumes 

The present section shows results obtained from large volume mixes produced with the pan 

mixer. Each mix batch was around 94-96kg and yielded about 40liters of concrete. The fresh 

concretes slump flow and t500 time were tested. Four large mixes were made with the same 

proportions aggregates/fillers materials, with and without steel fibres, and flyash replacement. 

Mix proportions are shown in Table 14.   

Table 14 - Mix proportions 

 Recipe Mix 1 Mix 2 Mix 3 Mix 4 

 

Binders 

Cement 1 0,7 

Flyash  0,3 

Silica fume 0,200 

 Fibers 
 

0,05  0,05 

 

Fine sand 

B15 0,358 

B35 0,219 

B95 0,487 

 Quartz 0,153 

Admixture

s 

ACE30 0,045 

 W 0,175 

W/C 0,21 

W/B 0,175 

Breaking time 4,5 4,3 4,0 4,5 
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Fresh 

results 

Casting mix 

time 

7,5 8,5 7,0 10 

Slump flow 690 710 750 910 

SS-EN 206-1 SF3 SF3 SF3 SF3 

t500 29/VF2 18/VF2 11/VF2 10/VF2 

Hardened 

results 

1 day(MPa)  61,5 60,9 42,6 43,5 

7 days(MPa) 109,7 100,1 89,8 81,7 

28 days(MPa) 133,5 120,9 121,1 108,9 

56 days(MPa) 143,1 132,8 137 119,0 

365 

days(MPa) 

- 136,5 - 135,4 

Single max 

value(MPa) 

155,9(56day

) 

148,3(365day

) 

142,6(56day

) 

138,5(365day

) 

Mean density 

of all tested 

specimens 

2,362 2,396 2,287 2,326 

Flexural 

strength(MPa

) 

18,0 17,9 15,4 15,7 

7.4.1 Test results and discussion 

7.4.1.1 Fresh concrete properties 

All four mixes had similar breaking times (the time it takes for the mix to turn into a thicker 

paste). The slump flow and t50 time varied where the addition of steel fibres made the mix more 

viscous. The replacement of cement with flyash also gave better flow to the mix, which also is 

in line with the result from mortar mixes with flyash in section 4.3.3. The addition of steel fibres 

made the mix more viscous with a faster and greater flow. No segregation was visible. 



45 

 

 

Figure 32 - Slump flow of large mix 

In the case of the small mortar mixes a decrease of mini cone flow could be seen when adding 

steel fibres and for the larger mixes made on the same proportions, the slump flow improved. 

This could be related to a higher mixing efficiency of the larger Zyklos mixer. The replacement 

of the cement with the flyash increased the workability, which is related as described earlier to 

a spherical particle shape.   

 

7.4.2 Mechanical properties 

7.4.2.1 Compressive strength 

The development of the compressive strength for mix 1 is shown in Figure 33. The 28day 

strength of three tested specimens were between 123,3-137,3MPa. The strength development 

of the concrete continued to grow between 28-56day strength and increase by another 8,5%.  
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Figure 33 – Development of the compressive strength for mix 1 

The development of the compressive strength for mix 2 is shown in Figure 34. TheFel! Hittar 

inte referenskälla. compressive strength result at different ages are displayed for mix 2 with 

steel fibers. The 28day strength of three tested specimens were between 115,8-128,8MPa. The 

strength development of the concrete continued to grow between 28-56day strength test with 

13,5% based on the mean strength value of tested specimens. 

 

 

Figure 34 - Development of the compressive strength for the Mix2 containing steel fibers 

The development of the compressive strength for mix 3 containing 30 wt% of flyash are shown 

in Figure 35. The 28day strength of three tested specimens were between 113,1-127,1MPa. The 

y = 19,771ln(x) + 64,682

40

60

80

100

120

140

160

180

0 10 20 30 40 50 60

M
P

a

days

y = 19,993ln(x) + 50,236

40

60

80

100

120

140

160

0 10 20 30 40 50 60

M
P

a

days



47 

 

strength development of the concrete continued to grow between 28-56day and increased by 

13,2%.  

 

Figure 35 – Development of the compressive strength for Mix3 containing 30 wt% of FA 

The development of compressive strength for Mix 4 is shown in Figure 36. The 28day strength 

of three tested specimens made using the Mix4 with fibers and 30wt% of FA showed values 

between 101,8-116 MPa which increased by another 9,3% between 28 and 56 days of curing in 

water. 

 

 

Figure 36 - Development of the compressive strength for Mix 4 with steel fibers and 30% FA 
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The spread of the results from the compressive strength varied depending on the age where 

younger results gave lower deviations followed by a higher spread. The long-term test at 365 

days decreased compared to 28 and 56day tests. 

 

Figure 37 - Standard deviation from compressive strength results 

The effect of the steel fibers on the compressive strength is shown in Figure 38 and in Figure 

39. In general, the addition of fibers lowered the strength by 7-8%. This is probably related to 

entrapment of more air into the mix by the steel fibers. It increased the binder matrix porosity 

and thus lowered the compressive strength, (Ahahid Iqbal, 2015). The air was not measured 

but this effect can be also verified by the measured density of tested specimens which with 

addition of steel fibers is slightly heavier but less than it should have been if no extra air was 

induced into the mixture from the addition of steel-fibers. The results for mixes 1-4 in Table 14 

shows that the net increase of the concretes density is 11 kg/m3(mix 1& 2) and 5 kg/m3(mix 3 

& 4) lighter than the 45 kg/m3 added amount of steel fibers. The increased air content by the 

addition of steel fibers was also shown by others, (Lennart Nilsson, 2016) in a trial test on steel 

fiber reinforced concrete for a bridge where the concrete was transported 230 km. The air 

induced by the steel fibers slowly disappeared over time which was also shown by the trial test 

made on 1m3 (C35/45, vct0,39, 460kg CEMI/m3, 50kg/m3-steel fibers) where the air was 

measured before adding steel fibers, after adding steel fibers and every hour after that during a 

simulated transport of the concrete, Tabell 1. 
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Figure 38 - Effect of steel fibers on the development of the compressive strength for mixes 1 

and 2 without FA. 

 

Figure 39 - Effect of steel fibers on the development of the compressive strength for mixes 3 

and 4 containing FA 

Tabell 1 - Trial test made for steel fiber concrete with long transport (Lennart Nilsson, 2016) 
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The added amount of steel fibers for mixes 2 and 4 was 5 wt% of cement which in terms of 

UHPC is a relatively low addition. Mixes showed decreased flow and no change of mechanical 

performance, was not enough to contribute to the performance of the concrete. In a study by 

(Andrzej Cwirzen, 2006) where an addition of short steel fibers between 10-30% of the cement 

weight resulted in a significant improvement of the 7 and 28-day strength while the flow of the 

concrete suffered. Similar results were also obtained by others where the addition of 10-32% 

of steel fibers improved both the flexural and compressive strength of the concrete by (Hamdy 

K, 2016). Utilization of longer fibers significantly increased the flexural strength at a lower 

dosage, 10%. The compressive strength also benefited from longer fibers. The addition of flyash 

improved the workability but the early strength development suffered greatly and the 1-day 

compressive strength for mix 3 & 4 was 69,3-71,5% (43,2-42,6MPa) of the mix 1 & 2, without 

flyash replacement. The 28-day compressive strengths were also lower and yielded 90,7-90,1% 

(121,1-108,9MPa) when compared with mixes without the FA. Since the strength, growth of 

the concrete still is relatively high after 28 days this could have an application for certain 

structures which do not require a very high 28-days strength. When using FA replacement in 

mixes containing 900 kg/m3 of cement the expected strength loss is only 10% at 28-days. 

Cement apart from admixtures and steel fibers is the costliest ingredient in a concrete mix. Since 

the cement amount could be reduced, huge economic and environmental savings are possible 

in cases where this type of concrete is applicable. 

The relatively large standard deviation seen in Figure 37 at 28-day strength and 56-day strength 

could because of differences in hydration and defects in the concrete that will be more 

pronounced for the older concrete due and thus effect the results accordingly. Early age testing 

has a lower standard deviation since the hydration process have just begun and differences in 

distribution of water and hydration have not yet had the effect as seen for the later stages where 

the hydration process is significantly lower. The 365-day compressive test shows that the 

standard deviation have decreased. At this stage the concrete could be deemed fully hydrated 

and thus only variance of pore structure and other defects in the concrete should remain. 

7.4.3 Flexural strength 

The flexural strength of the casted beams was determined as described in the section 3.5.2. The 

measures flexural strength values are shown in Table 15. The addition of the used steel fibers 

did not contribute to the flexural strength of the tested beam specimens. Mixes 3 and 4 where 

30% of the cement was replaced with flyash resulted showed 2,4MPa or 13,4% lower flexural 

strength of the concrete compared to the mixes 1and 2 containing only the Portland cement. 

Table 15 Flexural strength values measured on 28-day old beams 

Beam Mix 1 Mix 2 

(5%Steel 

fibers) 

Mix 3 

(30%FA) 

Mix 4 

(5% Steel 

fibers+30%FA) 

Flexural strength 

(MPa) sample 1 

17,4 17,9 16,1 15,7 
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Flexural strength 

(MPa) sample 2 

17,9 17,4 15,4 14,4 

Flexural strength 

(MPa) sample 2 

18,7 18,3 14,6 17,0 

Mean value 

(MPa) 

18,0 17,9 15,4 15,7 

Standarddeviation 0,56 0,37 0,59 1,58 

Visual examination of fractured surfaces showed that most fibers were not pulled out of the 

binder matrix, Figure 40. The fibers appeared to be evenly distributed. The used setup and 

images of the broken specimens from the three-point method is shown in Figure 41.  

 

 

Figure 40 - Cracked surfaces of cubes used for determination of the compressive strength 

 

a) 

 

b) 

Figure 41 - a) used test setup for determination of the flexural strength, b) cracked surface 
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Fiber orientation and quantification in the cross section was done based on image showed in 

Figure 42Fel! Hittar inte referenskälla.. The number of fibers contained in the area 

(1306mm2) was 221 equal to a fiber-amount of 0,169 fibers/mm2 or if extrapolated to the entire 

cross-section a fiber amount of 1692 fibers. The fibers are evenly distributed in the cross-

sectional area.  

The fiber used is 15mm long and contains of 385 000 fibers/kg which for the mixes with fibers 

would equal to approximately 0,045kg/liter=17325fibers/liter. For the beams casted there 

should be approximately 87000fibers/beam or approximately 1740fibers/cm or 

2610fibers/fiberlength. 

 

Figure 42 - Image of cut surface used for analysis of fiber orientation 

When a fiber-reinforced beam first is loaded the deformation will behave linear elastic. With 

the increased load, cracking of the concrete will occur, which is the first step to failure of the 

concrete. In the formed crack the fiber and concrete work as a composite where the tensile 

stresses are distributed according to the fibers orientation, their amount and elastic modulus. 

When the concrete has cracked completely the fibers will take all the tensile loading and 

continue to deform until the ultimate failure of the fibers occurs, (Ljungkrantz C, 1994).  

In Table 15 Flexural strength values measured on 28-day old beams the results for the mixes 

with and without an addition of steel fibers did not show improvement of the flexural strength, 

which indicate negligible contribution of the fibers to the flexural strength of the concrete. The 

addition of 5% of steel fibers was not sufficient to induce strong effect related to the fibers 

orientation, area and the bearing capacity in the tensile. As a result, the concrete cracked 

completely causing a total beam failure. The only significant difference in the recorded flexural 

strength was observed for samples containing FA where the values decreased from 18,0MPa to 

15,7MPa. The cause of this decrease is most likely an effect of the slower pozzolanic reactions 

in the concrete with fly-ash replacement. 
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The orientation and distribution of the fibers will have an exponential impact of the flexural 

strength due to the addition of inertia depending on where the fiber is placed, where higher 

concentrations further out from the neutral axis is beneficial but should be evenly distributed in 

the concrete to ensure an even capacity. The probability that there will be areas without any 

fibers or with fibers wrongly oriented depend on a number of factors. For example, poured 

technique, fiber type and length, fiber quantity or application of external vibration. This are the 

reasons why fiber reinforced concrete is still rarely used for load bearing elements,  (Jakob 

Gunnarsson, 2015).  

The failure zone of the tested concrete beams did not show any signs of pulled out fibers which 

indicates that the bond strength between the fiber and the concrete was higher than that of its 

ultimate tensile strength. The used fiber has superb properties for adhesive action to the cement 

matrix due to the rectangular very thin shape of the fiber which gives it an extremely high 

specific area per kg fiber which compared to conventional fibers can be as much as 25-30 times 

higher. The amount of the used silica fume was 20wt% of cement weight which additionally 

contributes to the increased bond strength due to a denser cement matrix.  (Chan, 2004) 

concluded that the bond strength between a fiber and the cement matrix is optimized between 

20-30% of silica content by cement weight.  

The orientation of the fibers is paramount for a homogenous concrete, which exhibits the similar 

properties in different points of the specimen. The fiber distribution is evenly oriented in the 

concrete which simplified would mean that 50% of the fibers for the concrete in flexural tension 

are in the compression area of the concrete. The orientation of the fiber has in a 2D perspective 

two extremes; one where the fiber is perpendicular to the tensile loading where no contribution 

to the strength is gained, the other is when the fiber is parallel with the tensile loading and thus 

contributes 100% in tensile loading. For all the fibers in between, which will make up most of 

the fibers in the concrete, there will be different amount of contribution to the flexural strength 

depending on the orientation, which can cause different failures of the fiber and most likely a 

combined failure such as shear and tensile failure.  

Since there was no external or internal mechanical vibration when pouring the mix the 

orientation of the fibers was not affected. For cubes and cylinders where a rod is used to 

compact the concrete the fibers tend to orient itself vertically or near vertical direction 

(ABCpolymer, 2018). Moreover, longer fibers tend to orient themselves according to the flow 

when poured due to the laminar flow of the concrete (Schmidt, 2005) 

 

8 Conclusions and future work 

The objective of this research was to develop an UHPC with mostly locally available materials. 

This was made through optimization procedures on the binary material which then was used 

for a series of smaller mortar mixes where test on the fresh properties and mechanical properties 

was-made-for-further-optimization-of-the-concrete.  
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The conclusions made in this study and recommendations for further work and investigations 

is-presented-in-this-chapter. 

General 

• It is possible to produce UHPC with mostly locally available materials that exhibits 

UHPC and self-consolidating properties through simple optimization procedures. The 

Punkte test optimizes the binary material with significant results on the fresh properties 

of the mortar mixes.  

• The study consisted of 73 smaller mixes and 4 larger batches based on the recipes from 

the smaller mixes. A total amount of 181 cubes and 12 beams was casted and tested. 

• Most mortars had a water to cement ratio less or equal to 0,22 and a water to binder ratio 

less or equal to 0,19. 

Fresh properties 

• Optimizing the binary materials through the Punkte method made a significant 

difference on the water demand, mini cone flow and breaking time of the mix. The 

Punkte test decreased the water demand by 65,8%  

• When changing the proportion of Q and B15 in the mortar mixes, the same result on the 

workability was observed as in the Punkte test. The binary mix, especially for gradings 

that do not overlap the binders gradings, can be optimized without including all 

constituent materials. 

• Increasing the silica fume amount from 10% to 15% decreased the mini cone flow 

slightly. Increasing from 15% to 25% had a large negative effect on the mini cone flow. 

• The breaking time increased for 10wt% to 20wt% from 6 to 8,5 minutes or 42%. 

• Increasing the silica fume amount required more addition of SP to remain the same 

workability. 

• Replacing 30% of cement with flyash increased the slump flow for all mixes made. For 

the larger mixes the slump flow increased from 690mm to 750mm and decreased the 

t50 time from 18s to 15s. 

• 5% of Fibers(15mm) included in the mix decreased the t50 time and increased the slump 

flow, especially for the mixture with flyash where the addition of steel fibers increased 

the slump flow from 750mm to 910mm. 

• All the larger mixes made exhibited self-compacting abilities 

• The plasticizer used increased the mini cone flow significantly between 2wt% to 4wt%. 

After 4wt% the effectiveness on the mini cone flow when adding more SP was almost 

halved. The mini cone flow increased from 2wt% to 4wt% with 85% or 42,5mm/wt%. 

From 4wt% to 9wt% the mini cone flow increased with 24% or 9mm/wt%. Increasing 

the SP content also shortened the breaking time of the mixes in the same manner as the 

mini cone flow. 

• All the mixes made showed no sign of segregation or bleed and the concrete was 

homogenous. 
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• Addition of crushed coarser aggregates, 2-5mm and 4-8mm worsened the workability 

of the concrete.  

• Adding coarser aggregates caused an early onset of swelling of 10-15%. Cause of this 

is unknown. 

• Decreasing the water to binder ratio have an adverse effect on the workability of the 

concrete which partly can be mended by higher use of water reducing agents and 

superplasticizer. 

Hardened properties 

• The superplasticizer used have a retarding effect at high dosage(more than 

recommended by the producer) that significantly  affects the early strength 

development. The 1-day strength dropped for 2wt% to 12wt% of SP content from 

63,4MPa to 5,2MPa. 

• There was most likely an increased air content from the SP used, which affect the 

compressive strength due to increased pore volume. This was shown on 7-day old 

concrete where the SP content was 3wt% and 5wt% and the compressive strength 

decreased from 106,2MPa to 99,3MPa. 

• 30% of flyash replacement affected the early age strength significantly, about 50% 

lower, but yielded a higher long-term(56day) strength that was only 6% lower than 

concrete without flyash replacement. 

• The addition of steel fibers most likely “dragged air” into the mix which increases the 

pore volume and decreased the compressive strength. Mixes without steel fibers 

exhibited for 7, 28, 56-days, 9,5-10%, 10,4-11,2%, 7,8-15% higher compressive 

strength than those with steel fibers. 

• The silica content which gave highest 1-day compressive strength was for 15wt% of SF 

content, which was 4,2% higher than for 20% and 6,7% higher than 10wt% SF content.  

• The reduction of water to cement ratio generally increases the compressive strength. 

The 1-day compressive strength for W/C ratio from 0,20 to 0,24 decreased with 

11,2MPa from 59,8MPa to 48,6MPa. 

• It was indicated but not conclusive that an increasing amount of quartz was beneficial 

for the 1-day strength.  

• The addition of coarser aggregates to the mix decreased the strength significantly. The 

28-day strength for the concrete with coarser aggregates dropped from 132MPa to 

84,8MPa compared to the control mix. 

• The replacement of cement in mixes with coarser aggregates did not have as a 

pronounced effect on the 28-day compressive strength as samples without coarser 

aggregates. The strength for 30% flyash replacement decreased from 84,8MPa to 

80,9MPa. 

• The long term compressive strength showed a small difference in strength between mix 

two and four, with and without FA. After 365-days the mean compressive strength for 

mix two and four (30% FA replacement) was 136,5MPa respectively 135,4MPa. Mix 

two had a higher standard deviation (8,14) and results ranging from 128,3-148,3MPa 
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whereas mix four had a lower standard deviation (6,75) and results ranging from 132,2-

138,5MPa.  

• When adding 5wt% of steel fibers for the casted beams, there was approximately 

1692fibers in a contributing direction for the flexural strength which compared to all 

fibers in all directions should have been 1740fibers/cm or 2610fibers/fiber-length of the 

beams. This suggests an evenly distributed orientation of the fibers used. 

• A fiber content of 5wt% did not contribute to the flexural strength. The flexural strength 

remained unchanged compared to mixes without steel fibers. 

• No or very few fibers that had pulled out of the concrete from the flexural test.  

• Excellent bond strength between the fiber used and the concrete. 

• The orientation of the fibers seemed evenly distributed in the hardened concrete. 

• The use of FA decreased the 28-day flexural strength with 12,3-14,5% 

• There was a relatively high distribution and standard deviation of the compressive 

strength results which for 7-day cubes was less than two and for 28 and 56-days between 

5-8. This was probably because slight differences in hydration at 28 and 56 ages will 

have a high impact on the result. The standard deviation also decreased for the 365-day 

strength test which should be the case since the concrete at that age could be deemed to 

be fully hydrated.   

• The flexural strength results have a relatively low standard deviation which indicates 

even bond strengths in the concrete. 

Recommendations for further work 

• Reduce or replace (flyash, lime) cement in the mix and remain or increase the strength 

• Coarser aggregates type and amount suitable 

• Effect on air content with and without fibers 

• Effect on flexural and compressive strengths using different amount of fibers and 

combinations of fibers. 

• Long term testing with different amount of FA and SF 

• The use of UHPC in rehabilitation works 
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Appendix A 

 

Table 16  Results from the Punkte test 

Mix description Quartz B15 B35 B95 B1-3 

Added 

water/kg 

Q/B15 0 1       0,2661 

  0,1 0,9     0,1784 

  0,2 0,8     0,1468 

  0,3 0,7     0,1436 

  0,4 0,6     0,1636 

  0,6 0,4     0,1952 

  0,8 0,2     0,2207 

  1 0     0,2632 

            

Q/B15/B35 0,27 0,63 0,10    0,1273 

  0,24 0,56 0,2    0,1174 

  0,21 0,49 0,3    0,1182 

  0,18 0,42 0,4    0,1216 

  0,12 0,28 0,6    0,1295 

            

Q/B15/B35/B95 0,44 0,19 0,27 0,100  0,1194 

  0,39 0,17 0,24 0,016  0,1155 

  0,34 0,15 0,21 0,300  0,1029 

  0,29 0,13 0,18 0,400  0,1025 

  0,20 0,08 0,12 0,600  0,1027 

  0,10 0,04 0,06 0,800  0,1260 

            

Q/B15/B35/B1-3 0,34 0,15 0,21   0,30 0,1052 

  0,29 0,13 0,18   0,40 0,0909 

  0,20 0,08 0,12   0,60 0,0921 
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Sieve 2-6 wt% 

distrubution 

wt% passing 4-8 wt% 

distrubution 

wt% passing 

11,2 
 

0% 100,0% 0 0% 100% 

8 0 0% 100,0% 0,35 12% 88% 

5,6 0,643 17% 82,8% 1,6 57% 31% 

4 1,494 40% 43,0% 0,694 25% 6% 

2 1,422 38% 5,0% 0,15 5% 1% 

1 0,086 2% 2,7% 0,014 0% 0,6% 

0,5 0,033 1% 1,8% 0,008 0% 0,3% 

0,25 0,028 1% 1,1% 0,009 0% 
 

0,125 0,02 1% 0,5% 0,024 
  

0,063 0,02 1% 0,00% 0,038     

 Total weight 3,746 
  

2,825 
  

 

 


