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Abstract 

The use of Ultra High Performance Fibre Reinforced Concrete (UHPFRC) in the construction industry 
started in the 1990s and has since then been used for bridges all over the world. The mechanical properties 
and the dense matrix result in lower material usage and superior durability compared to conventional 
concrete, but the implementation of UHPFRC in the Swedish industry has been delayed. The most evi-
dent explanation, based on interview with industry representatives, as to why UHPFRC is not commonly 
used in Sweden are due to the lack of standards and knowledge. UHPFRC also has a high cement content 
and the cement industry contributes with high carbon dioxide (CO2) emissions to the total CO2 emissions 
in the world. 

This MSc Thesis looks into if a UHPFRC bridge is a feasible alternative to a conventional reinforced 
concrete structure bridge from design and material usage perspectives, regarding reduction of CO2 emis-
sions. The project’s overall goal is to increase the knowledge in Sweden about the material, regarding the 
production, mechanical properties and behaviour of UHPFRC, and the design, regarding the difference 
in design between UHPFRC and conventional concrete bridges.  

To examine the material, a UHPFRC mixture with short straight steel fibres was developed. Specimens 
were tested to see how the different fibre contents affect the mechanical properties and which fibre content 
that is most favourable. Three different fibre contents were tested: 1.5%, 2.0% and 2.5% of the total 
volume of the mixture. The tested and evaluated mechanical properties were workability, flexural strength, 
tensile strength, fracture energy, compressive strength and modulus of elasticity. This study does not con-
tain tests of durability of UHPFRC, however trough the literature review it was investigated to what extent 
the fibres affect the durability. 

It was concluded that an increase in fibre content results in improved mechanical properties, except for 
workability and in some cases when using a fibre content of 2.5%. The increase in the mechanical prop-
erties is due to the increased cracking resistance and the bond strength between the fibres and the matrix. 
The decrease in the mechanical properties, e.g. characteristic tensile strength and compressive strength of 
cylinders, for 2.5% in fibre content can be due to uneven fibre distribution and higher amount of air in 
the specimens which result in less strength. It was concluded that 2.0% in fibre content is most favourable. 
It was possible to conclude that the degradation of the fibres takes a long time, however not to what extent 
the fibres will affect the durability. 

To evaluate if UHPFRC is a viable economical and environmental alternative to regular concrete bridges, 
three cases of bridge design are considered. Two cases with UHPFRC (different thickness) and one case 
with conventional concrete. Up to 2017 only technical guidelines and recommendations for design with 
UHPFRC existed, but in 2017 the first approved standards in the world were published. The French 
national standards cover material (NF P18-470, 2016) and design (NF P18-710, 2016) and were used for 
the design process. The material usage regarding the amount of reinforced UHPFRC/concrete and steel 
reinforcement as well as the amount of CO2 emissions from the production of cement and steel (fibre and 
steel reinforcement) used for the bridges in the mid-span and at the support were investigated. The design 
process was also evaluated.  

It was concluded that the UHPFRC bridge with an optimized thickness was 47% lighter than the conven-
tional concrete bridge, but the amount of CO2 emissions was still higher (e.g. 23% from the support). To 
be able to determine if a UHPFRC bridge is a feasible alternative to a conventional concrete bridge, with 
regards to the reduction of CO2 emissions, the CO2 emissions have to be observed in a wider perspective 
than only from the production of cement and steel, e.g. fewer transports and longer lifetime. 

Keywords: Bridge design, CO2 emissions, Mechanical properties and behaviour, Straight short 
steel fibres, UHPC, UHPFRC 
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Sammanfattning 

Användningen av ultrahögpresterande fiberbetong (UHPFRC) i anläggningsindustrin började på 1990-
talet och har sedan dess använts till broar i hela världen. De mekaniska egenskaperna och den täta UHP-
FRC matrisen resulterar i lägre materialanvändning och bättre beständighet i jämförelse med konvention-
ell betong, men användningen av UHPFRC har inte slagit igenom i den svenska industrin. De största 
förklaringarna till varför UHPFRC sällan används i Sverige är för att det inte har funnits kunskap och 
standarder. UHPFRC har också en hög cementhalt och cementindustrin bidrar med höga koldioxid (CO2) 
utsläpp till de totala CO2 utsläppen i världen. 

Den här masteruppsatsen skrevs för att undersöka om en UHPFRC bro är ett möjligt alternativ till en 
konventionell betongbro ur dimensionering- och materialanvändningssynpunkt med avseende på redukt-
ion av CO2 utsläpp. Projektets övergripande mål är att öka kunskapen om materialet, med avseende på 
tillverkningen, de mekaniska egenskaperna och beteendet av UHPFRC, och dimensionering, med avse-
ende på skillnaden i dimensionering mellan UHPFRC broar och konventionella betongbroar. 

I materialdelen utvecklades ett UHPFRC recept med korta raka stålfibrer. Provkroppar testades för att se 
hur olika fiberinnehåll påverkade de mekaniska egenskaperna och vilket fiberinnehåll som var mest gynn-
samt. Tre olika fiberinnehåll testades: 1.5%, 2.0% och 2.5% av total volym av blandningen. De mekaniska 
egenskaperna som testades och utvärderades var bearbetbarheten, böjhållfasthet, draghållfasthet, fraktur 
energi, tryckhållfasthet och elasticitetsmodul. Beständigheten av UHPFRC testades aldrig men i vilken 
omfattning fibrerna påverkar beständigheten undersöktes i den litteraturstudie som skrevs inför testerna 
och tillverkningen av UHPFRC. 

Det konstaterades att en ökning i fiberinnehåll resulterade i en ökning av de mekaniska egenskaperna, 
förutom för bearbetbarheten och i vissa fall när ett fiberinnehåll av 2.5% användes. Ökningen av de me-
kaniska egenskaperna berodde på det ökande sprickmotståndet och bindningsstyrka mellan fibrerna och 
matrisen. Minskningen av de mekaniska egenskaperna, till exempel den karakteristiska drag- och tryck-
hållfastheten, när ett fiberinnehåll på 2.5% i cylindrar användes kan bero på ojämn fiberfördelning och 
större mängd luft i provkropparna vilket resulterar i lägre hållfasthet. Det konstaterades att ett fiberinne-
håll på 2.0% var det mest gynnsamma. Det kunde inte konstateras i vilken omfattning fibrerna påverkar 
beständigheten men det kunde konstateras att nedbrytningen av fibrerna tar lång tid. 

I dimensioneringsdelen utformades tre slakarmerade balkbroöverbyggnader, i två fall var överbyggnaden 
med UHPFRC (olika tjocklekar) och i ett fall var den med konventionell betong. Fram till 2017 fanns det 
bara tekniska riktlinjer och rekommendationer för UHPFRC men 2017 publicerades de första godkända 
standarderna i världen. De franska nationella standarderna täcker material (NF P18-470, 2016) och di-
mensionering (NF P18-710, 2016) och användes vid dimensioneringen. Materialanvändningen med avse-
ende på mängd armerad UHPFRC/betong och slakarmering och mängd CO2 utsläpp från produktionen 
av cement och stål (fibrer och slakarmering) som användes till broarna i mittenspannet och vid stöden 
undersöktes. Även dimensioneringsprocessen utvärderades.  

Det konstaterades att UHPFRC bron med optimerad tjocklek var 47% lättare än betongbron men mäng-
den CO2 utsläpp var fortfarande högre (till exempel 23% högre från stödet). Det konstaterades att om det 
ska vara möjligt att fastställa att en UHPFRC bro är ett möjligt alternativ till en konventionell betongbro, 
med avseende på reduktion av CO2 utsläpp, måste CO2 utsläppen ses från ett bredare perspektiv än från 
bara produktion av cement och stål, till exempel mindre transporter och längre livslängd.  

Nyckelord: Bro dimensionering, CO2 utsläpp, Korta raka stålfibrer, Mekaniska egenskaper och be-
teende, UHPC, UHPFRC  





 

 
VII 

Notations and abbreviations 

Notations 

Roman upper case letters 

Ac  Gross area of the cross-section on 1 m strip 

Ac,eff Effective cross-sectional area 

Ac,w,i Gross area of the cross-section on the whole width at stage i 

Af  Fracture area 

Afv  The projection in the cross-section of the inclined area where the fibres are acting 

Ap  Area of post- or pretensioned reinforcement 

As  Longitudinal reinforcement area per 1 m strip 

As,b,i Area of reinforcement in the bottom for the i layer 

As,min1 Minimum surface reinforcement 

As,min2 Minimum tension reinforcement 

As,r  Required flexural reinforcement area per 1 m strip 

As,t,r Required surface reinforcement in the top per 1 m strip 

As,w,i Area of reinforcement on the whole width in the bottom for the i layer 

Asl  Area of the tensile reinforcement for the shear force calculations for concrete 

Asw  Area of shear reinforcement per 1 m strip per longitudinal m 

Asw,c Cross-sectional area of the shear reinforcement 

Atr  Transformed gross area of the cross-section on 1 m strip 

Atr,w,i Transformed gross area of the cross-section on the whole width at stage i 

CO2,c kg CO2 emissions per kg cement from production 

CO2,s kg CO2 emissions per kg steel from production 

Dsup Nominal upper dimension of the largest aggregate 

Ecm  Mean modulus of elasticity of UHPFRC/concrete 

Eef  Effective modulus of elasticity of UHPFRC/concrete regarding creep 

Es  Design modulus of elasticity of steel 

F1  Central load from the dead weight of the prism and the load from the equipment 

Fcc  Force of UHPFRC/concrete in compression at ULS 
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Fcc,S Force of UHPFRC in compression at SLS 

Fcc,S,w Force of UHPFRC in compression at SLS on the whole width 

Fct  Force of the tensile UHPFRC 

Fct,1 Force of the tensile UHPFRC that is uncracked, stress between 0 and fctm,el,SLS 

Fct,1,w Force of the tensile UHPFRC that is uncracked, stress between 0 and fctm,el,SLS, on the whole 
width 

Fct,2 Force of the tensile UHPFRC that is cracked and have a stress of fctm,el,SLS 

Fct,2,w Force of the tensile UHPFRC that is cracked and have a stress of fctm,el,SLS, on the whole 
width 

Fct,3 Force of the tensile UHPFRC that is cracked and have a stress between fctm,el,SLS and fctfm,SLS 

Fct,3,w Force of the tensile UHPFRC that is cracked and have a stress between fctm,el,SLS and fctfm,SLS, 
on the whole width 

Fnl  Maximum applied load in bending test 

Fs,i  Tensile force of reinforcement in the layer i at ULS 

Fs,i,S Tensile force of reinforcement in the layer i at SLS 

Fs,i,S,w Tensile force of reinforcement in the layer i at SLS on the whole width 

Gf  Total mean fracture energy 

Gf,A Mean fracture energy during strain hardening up to the peak stress/load 

Gf,B Mean fracture energy during strain softening to the stress/load is zero 

Ic  Moment of inertia of the cross-section on 1 m strip 

Ic,w,i  Moment of inertia of the cross-section on the whole width at stage i 

Itr  Transformed moment of inertia of the cross-section on 1 m strip 

Itr,w,i Transformed moment of inertia of the cross-section on the whole width at stage i 

K  Orientation factor expressing the mechanical effect of the orientation of the fibres on the 
post-cracking behaviour under tension 

K,
global Orientation factor associated with global effects for transverse direction 

Kglobal Orientation factor associated with global effects 

Klocal Orientation factor associated with local effects 

L  Length between the supports in bending test 

Lc  Characteristic length that relates the crack width to an equivalent deformation 

Lf  Fibre length 

Mc  Moment from the dead load of UHPFRC/concrete 

MEd,SLS_F Acting design moment in SLS with frequent load combination on the whole width 
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MEd,SLS_QP Acting design moment in SLS with quasi-permanent load combination 

MEd,ULS Acting design moment at ULS 

Mpav Moment from the dead load of pavement 

Mr  Moment from the dead load of railing 

MRd Design moment resistance 

MTS Moment from the traffic load TS 

MTS,w Moment from the traffic load TS on the whole width 

MUDL Moment from the traffic load UDL 

MUDL,w Moment from the traffic load UDL on the whole width 

Q  Concentrated load 

Vc  Shear force from the dead load of UHPFRC/concrete 

VEd ,ULS Acting design shear force at ULS 

Vpav Shear force from the dead load of pavement 

Vr  Shear force from the dead load of railing 

VRd  Total shear force resistance from VRd,c, VRd,s and VRd,f 

VRd ,total Design shear force resistance 

VRd,c Contribution to the shear force resistance from the UHPFRC/concrete without shear re-
inforcement 

VRd,f Contribution to the shear force resistance from the fibres 

VRd,max Maximum force in the truss diagram for the compressive strength of the UHPFRC/con-
crete compression strut 

VRd,s Contribution to the shear force resistance from the shear reinforcement 

VTS  Shear force from the traffic load TS 

VUDL Shear force from the traffic load UDL 

W  Absorbed energy 

W0  Area below the load – CMOD curve 

 

Roman lower case letters 

a  Distance from the support to the first TS load 

b  Width of prism or 1 m strip of beam 

cm  Cement content 

cmin  Minimum cover 
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cmin,b Minimum cover regarding bond 

cmin,dur Minimum cover regarding environmental conditions 

cmin,p Minimum cover that take the placement conditions into account 

cnom  UHPFRC/concrete cover 

d  Distance from the top of the compressed part of the cross-section to the level of the rein-
forcements centroid 

dg  Maximum size of aggregate 

di  Effective depth of the reinforcement for the i layer 

eh  Horizontal clear distance 

emini Minimum clear distance 

ev  Vertical clear distance 

fcd  Design value of compressive strength 

fck  Characteristic compressive strength of cylinder 

fck,cube Characteristic compressive strength of cube 

fcm  Mean compressive strength of cylinder 

fcm,cube Mean compressive strength of cube 

fcm,p  Mean compressive strength of half prisms 

fct,eff  Mean effective value of the tensile strength of concrete 

fct,el  Tensile limit of elasticity of UHPFRC 

fct,fl  Limit of elasticity of UHPFRC 

fctd,el Design value of the tensile limit of elasticity/characteristic tensile strength of UHPFRC at 
ULS 

fctd,el,SLS Design value of the tensile limit of elasticity/characteristic tensile strength of UHPFRC at 
SLS 

fctf  Maximal post-cracking strength of UHPFRC 

fctfd  Design maximal post-cracking strength of UHPFRC at ULS 

fctfd,SLS Design maximal post-cracking strength UHPFRC at SLS 

fctfk  Characteristic maximal post-cracking strength of UHPFRC 

fctfm  Mean maximal post-cracking strength of UHPFRC 

fctfm,SLS Mean design maximal post-cracking strength of UHPFRC at SLS 

fctk,el Characteristic value of the tensile limit of elasticity/characteristic tensile strength of UHP-
FRC 

fctm  Mean tensile strength of concrete 
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fctm,el Mean value of the tensile limit of elasticity/mean tensile strength of UHPFRC 

fctm,el,SLS Mean design value of the tensile limit of elasticity/mean tensile strength of UHPFRC at 
SLS 

fctm,fl Mean flexural tensile strength of concrete 

fyd  Design reinforcement stress 

fyk  Characteristic reinforcement stress 

fywd  Design elastic limit of the shear reinforcement 

h  Height of prism 

hc,ef  Effective height 

k  Factor, ratio 

k2  Factor that take the spreading of the strains in a section that is cracked into account 

kt  Factor that depends on the duration of the load 

l0  Coating term 

lb  Length of the bridge or theoretical span 

lt  Transmission length term 

mc  Total amount of UHPFRC/concrete on the whole width per longitudinal m  

mc,tot Total amount of reinforced UHPFRC/concrete on the whole width per longitudinal m  

mcm  Amount of cement 

mCO2,mid Amount of CO2 from the middle of the bridge 

mCO2,sup Amount of CO2 from the support 

mf  Amount of steel fibres on the whole width per longitudinal m 

ms,mid Total longitudinal reinforcement amount on the whole width per longitudinal m 

ms,mid,b Total bending reinforcement amount on the whole width per longitudinal m 

ms,mid,tot Total amount of steel on the whole width per longitudinal m in the middle of the bridge 

ms,sup Total amount of reinforcement at the support on the whole width per longitudinal m 

ms,sup,tot Total amount of steel on the whole width per longitudinal m at the support 

msw  Total shear reinforcement amount on the whole width per longitudinal m 

n  Depth of notch 

q  Distributed load 

s  Spacing of bars 

sd  Minimum spacing of bars 

sr,max Maximum crack spacing for concrete 
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sr,max,f Maximum crack spacing for UHPFRC 

ss  Spacing distance of frames or stirrups 

ss,d  Design spacing distance of frames or stirrups 

tc  Thickness of the beam 

tc,2  Thickness of the uncracked part of the beam 

tpav  Thickness of pavement 

w  Width of traffic lane/carriageway 

w1  Corrected crack width at the most tensioned fibre 

wc  Free width of the bridge 

wk  Maximum crack width requirement 

ws  Crack width at the most tensioned reinforcement 

wt.b  Crack width at the most tensioned fibre 

x  Compressed depth at ULS 

x1  Height from the natural layer up to the strain ec0d 

x2  Height between the strains ec0d and ecud 

x3, xx Height of the tensioned part that is uncracked 

x3,w  Height of the tensioned part that is uncracked on the whole width 

x4  Height of the tensioned part that is cracked 

x4,w  Height of the tensioned part that is cracked on the whole width 

xcc  Lever arm to the neutral axis for UHPFRC/concrete in compression at ULS 

xcc,S  Lever arm to the neutral axis for UHPFRC in compression at SLS 

xcc,S,w Lever arm to the neutral axis for UHPFRC in compression at SLS on the whole width 

xct,1,S Lever arm to the neutral axis for the tensile UHPFRC that is uncracked, stress between 0 
and fctm,el,SLS 

xct,1,S,w Lever arm to the neutral axis for the tensile UHPFRC that is uncracked, stress between 0 
and fctm,el,SLS, on the whole width 

xct,2,S Lever arm to the neutral axis for the tensile UHPFRC that is cracked and have a stress of 
fctm,el,SLS 

xct,2,S,w Lever arm to the neutral axis for the tensile UHPFRC that is cracked and have a stress of 
fctm,el,SLS, on the whole width 

xct,3,S Lever arm to the neutral axis for the tensile UHPFRC that is cracked and have a stress 
between fctm,el,SLS and fctfm,SLS 

xct,3,S,w Lever arm to the neutral axis for the tensile UHPFRC that is cracked and have a stress 
between fctm,el,SLS and fctfm,SLS, on the whole width 
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xs,i  Lever arm to the neutral axis for the reinforcement for the i layer at ULS 

xs,i,S  Lever arm to the neutral axis for the reinforcement for the i layer at SLS 

xs,i,S,w Lever arm to the neutral axis for the reinforcement for the i layer at SLS on the whole width 

xSLS  Compressed depth of UHPFRC/concrete at SLS 

xSLS,w Compressed depth of UHPFRC at SLS on the whole width 

y  Centre of gravity of the cross-section for uncracked section 

y2  Centre of gravity of the cross-section for cracked section 

ytr  Transformed centre of gravity of the cross-section 

ytr,w,i Transformed centre of gravity of the cross-section at stage i 

z  Lever arm of internal forces 

 

Greek upper case letters 

Dcdev Allowance in design for deviation 

Dcdur,add Additional protection 

Dcdur,st Reduction of minimum cover for use of stainless steel 

Dcdur,g Additive safety element 

 

Greek lower case letters 

a  Ratio, angle 

acc  Coefficient that account for long-term effects on compressive strength and adverse effects 
resulting from the way the load is applied 

b  Adjustment factor for traffic load 

gC  Partial factor for compressed UHPFRC/concrete 

gcf  Partial factor for UHPFRC under tension 

gd  Factor for safety class 

gE  Safety factor 

gS  Partial factor for reinforcing steel 

d0  CMOD when prisms break and the applied load is zero 

d1  Total deflection at stage 1 

d1,TS Deflection at stage 1 from the traffic load TS 

d1,UDL Deflection at stage 1 from the traffic load UDL 
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d2  Total deflection at stage 2 

d2,TS Deflection at stage 2 from the traffic load TS 

d2,UDL Deflection at stage 2 from the traffic load UDL 

dmax Maximum deflection 

dtot  Total deflection 

ec0d Ultimate design elastic shortening strain of UHPFRC at ULS 

ecc Compressive strain of UHPFRC/concrete 

ecc,w Compressive strain of UHPFRC on the whole width 

ecm  Average strain of concrete between cracks 

ecm,f Average strain of UHPFRC between cracks 

ect Tensile strain of UHPFRC/concrete 

ect,w Tensile strain of UHPFRC on the whole width 

ecud Ultimate compressive strain of concrete at ULS 

ecud Ultimate design shortening strain of UHPFRC at ULS 

eel Strain at the maximum limit of elasticity of UHPFRC at SLS 

eel,m Mean strain at the maximum limit of elasticity of UHPFRC at SLS 

elim Ultimate strain in tension of UHPFRC at SLS 

elim,m Mean ultimate strain in tension of UHPFRC at SLS 

es  Reinforcement strain 

es,i,S  Strain of the reinforcement at SLS for the i layer 

es,i,S,w  Strain of the reinforcement at SLS for the i layer on the whole width 

esm  Average strain of reinforcement for concrete 

esm,f Average strain of reinforcement for UHPFRC 

eu  Maximum elongation of UHPFRC in bending calculations at ULS when axial force is pre-
sent 

eu,el Strain at the maximum limit of elasticity of UHPFRC at ULS 

eu,lim Ultimate strain in tension of UHPFRC at ULS 

eud  Design ultimate strain of reinforcement 

euk  Characteristic ultimate strain of reinforcement 

eys  Strain when reinforcement yields 

zf  Parameter that take the improved contribution from the fibres to the behaviour of the 
concrete cover and to the reinforcement into account 
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h  Utilization grade 

q  Angle between the UHPFRC/concrete compression strut and the beam axis perpendicular 
to the shear force 

k  Factor for scale and gradient effects 

n  Strength reduction factor for concrete cracked in shear 

xp  Relative slump value 

r  Density 

rc  Density of UHPFRC/concrete 

rp,eff Ratio of reinforcement area and effective cross-sectional area 

rs  Density of steel 

scc   Stress of UHPFRC/concrete under compression 

scc,w  Stress of UHPFRC under compression on the whole width 

scp  Stress from axial force in the cross-section due to loading or prestressing  

sct  Tensile stress of UHPFRC/concrete 

sct,w Tensile stress of UHPFRC/concrete on the whole width 

sRd,f Post-cracking strengths mean value along the shear crack with the angle q 

ss,i  Reinforcement stress in the i layer 

ss,i,w Reinforcement stress in the i layer on the whole width 

f  Diameter of reinforcement bar 

jef  Creep coefficient 

y  Factor for combination value 
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Abbreviations 

CMOD Crack mouth opening displacement 

CO2 Carbon dioxide 

F  Frequent  

FA  Fly ash 

FS  Flexural strength 

GGBS Granulated blast-furnace slag 

GP  Glass powder 

HRWR High-range water reducer 

LCA Life-cycle analysis 

LCCA Life-cycle cost analysis 

LM1 Load Model 1 

LP  Limestone powder 

LTU Luleå University of Technology  

LVDT Linear variable differential transformer 

MF Micro fibres 

QP Quasi-permanent 

RGC Recycled glass cullet 

RH Relative humidity 

SCC Self-compacting concrete 

SF  Silica fume 

SLS Serviceability Limit State 

SP  Superplasticizer 

SS  Silica sand 

ST  Straight fibres 

TF  Twisted fibres 

TS  Tandem system 

UDL Uniformly distributed load 

UHPC Ultra High Performance Concrete 

UHPFRC Ultra High Performance Fibre Reinforced Concrete 

ULS Ultimate Limit State  
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UTM Universal testing machine 

w/b Water to binder 

w/c Water to cement 

WF Waved fibres 
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1  Introduction 

1.1 Background 

According to Habel (2004) the development of UHPFRC begin in the early 1970s (Odler et al., 1972a; 
Odler et al., 1972b; Yudenfreund et al., 1972a; Yudenfreund et al., 1972b; Yudenfreund et al., 1973c; 
Brunauer et al., 1973a; Brunauer et al., 1973b). Odler et al. (1972a; 1972b), Yudenfreund et al. (1972a; 
1972b; 1972c) and Brunauer et al. (1973a; 1973b) studied low water to cement (w/c) ratios (0.2 to 0.3) 
with materials that had a low porosity, resulting in a high strength paste up to 200 MPa in compressive 
strength. According to other researchers (Shafieifar et al., 2017; Yoo & Banthia, 2017a; Wu et al., 2017) 
the concept of Ultra High Performance Concrete (UHPC) was established and produced at the beginning 
of the 1990s by Richard & Cheyrezy (1995). The common definition of UHPFRC nowadays is that the 
material has a ductile behaviour and that the characteristic compressive strength is at least 150 MPa, which 
is the minimum value according to AFGC (2013), and the tensile strength is larger than 6 MPa (NF P18-
710, 2016). 

UHPC/UHPFRC is a dense cementitious based composite material (Russel & Graybeal, 2013), with fine 
particles as silica fume (SF) (Yang et al., 2009; Wille et al., 2011a), low w/c ratio/water to binder (w/b) 
ratio and high compressive strength (Richard & Cheyrezy, 1995), partly due to the low w/c ratio and the 
high cement content (Russel & Graybeal, 2013). The use of SF improves not only the strength (Wille et 
al., 2011a; Wille et al., 2011b; Máca et al., 2013), but also the workability (Richard & Cheyrezy, 1995). 
Fibres can be used in UHPC to create UHPFRC which acts more like a ductile material and prevent brittle 
failures (Wille et al., 2012). Some authors call the mixture UHPC even when fibres are present in the 
mixture. The fibres increase the flexural strength but also have an adverse effect on the workability (Yu et 
al., 2017). The reduced workability due to the fibres (Wu et al., 2016) and the low w/b is resolved by using 
superplasticizer (SP) (Tue et al., 2008).  

Some researchers (Zhang et al., 2014) state the cement industry contributes with roughly 6% of the total 
global CO2 emissions while others (Kajaste & Hurme, 2016) report of approximately 5%-8%. UHPFRC 
has a high cement content, but because of the high strength it contributes to results this in lighter con-
structions compared to if they would be produced with conventional concrete (Russel & Graybeal, 2013). 
Due to the lighter constructions are fewer transports needed of prefabricated elements and or material. 
The durability of UHPFRC is superior to conventional concrete (Abbas et al., 2015; Voo et al., 2017; 
Russel & Graybeal, 2013), and thus constructing with UHPFRC results in lower life-cycle costs due to low 
material maintenance (Russel & Graybeal, 2013). The literature indicates a life expectancy close to 500 
years (Voo et al., 2017).  

As described above, UHPFRC's advantages are many, but the material has not been widely implemented 
throughout the construction industry. This is partly because of the high initial cost (Piotrowski & Schmidt, 
2012). Bridges and bridge components in countries all over the world, e.g. France, Germany, Canada, 
United States, Malaysia and Singapore, have been produced with UHPFRC but it is still not fully imple-
mented in the industry. Other reasons why UHPFRC not has been fully implemented are due to the lack 
of design codes, knowledge and consequently the risk that the engineers take when designing with UHP-
FRC without a legal framework (Voo et al., 2017). The Civil Engineers N. Johansson & M. Bäckström 
from Sweco Civil (personal communication, 22 December 2017) argue that the most prominent explana-
tion why UHPFRC has not been implemented in Sweden is due to lack of standards and knowledge. Up 
to 2017, only technical guidelines and recommendations for design with UHPFRC/UHPC existed 
(Gowripalan & Gilbert, 2000; JSCE, 2006; Almansour & Lounis, 2008; AFGC, 2013). In 2017, official 
national standards were published in France, containing descriptions of material (NF P18-470, 2016) and 
design (NF P18-710, 2016). 
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This MSc Thesis focus on the production and the mechanical properties and behaviour of UHPFRC and 
the difference in design compared to bridges produced and designed with conventional concrete. 

A remark to the reader: “steel reinforcement” or “reinforcement” refer in this thesis to traditional, non- 
or prestressed, reinforcement and should not be read as “fibre reinforcement”. Also, “middle of the 
bridge” refers to a longitudinal view, i. e. in the mid-span, not to the middle of the cross-section. 

1.2 Hypothesis  

Based on the background the hypothesis of this work is: 

“A UHPFRC bridge is a feasible alternative to a conventional reinforced concrete structure bridge from 
design and material usage perspectives (reduction of CO2).” 

Based on the hypothesis the MSc Thesis is divided into two main subjects with one research question 
each. The main subjects are: 

 Production and mechanical properties of UHPFRC. 

 Difference in design between UHPFRC and conventional concrete bridges. 

1.3 Goal, research questions and objectives 

The project’s overall goal is to increase the knowledge in Sweden about the production, the mechanical 
properties and the behaviour of UHPFRC, as well as to know the differences in design between UHPFRC 
and conventional concrete bridges. The objectives to reach this goal and further, answer the research 
questions are presented below based on the two main subjects. 

Production and mechanical properties of UHPFRC 

Structural elements made out of UHPFRC are a promising alternative to regular reinforced concrete ele-
ments. However, the delayed implementation of UHPFRC in Sweden is due to assumed increased pro-
duction costs compared to conventional concrete elements. Assuming that the production of UHPFRC 
is similar to conventional concrete then the question is: 

How will the steel fibre content affect the mechanical properties, which content is the most favourable and in what 
range will the fibres affect the durability?  

The objectives are: 

1. Conduct a literature review to identify relevant parameters that influence the mechanical properties 
of UHPFRC. 

2. Produce a workable UHPFRC mixture, without advanced treatments with predominantly local raw 
materials. Existing production technology by concrete manufactures should not be disturbed by 
advanced treatments. Local raw materials are favourable to use to keep down the CO2 emissions 
from the material transports. 

3. Test the mechanical properties of the produced UHPFRC specimens. 

Difference in design between UHPFRC and conventional concrete bridges 

The design process of UHPFRC bridges is not standardized in Sweden. However, in recent years design 
guidelines and recommendations have emerged in other parts of the world, i.e. Australia, Japan and Can-
ada. The closest to the Eurocode format, and the only approved standards in the world, is the French 
national standards, NF P18-470 (2016) and NF P18-710 (2016), which constitute a basis for the drafting 
of European standards. With an established legal framework, for stakeholders it is relevant to ask: 

Is it justifiable from an environmental point of view to produce bridges with UHPFRC instead of conventional concrete 
with non-prestressed reinforcement, regarding CO2 emissions from cement and steel used to build the bridges? 
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The objectives are: 

4. Conduct a literature review to learn how UHPFRC bridges are designed in the world and execute 
an interview with Trafikverket to see if UHPFRC has been used in Sweden, if there have been 
any investments in the development of UHPFRC and how bridges are optimized in Sweden. 

5. Design a UHPFRC bridge and a conventional concrete bridge, with the same span-lengths, and 
evaluate the differences concerning material usage (regarding reinforced UHPFRC/concrete and 
steel reinforcement), CO2 emissions (regarding cement and steel) and design. 

6. Compare the design process of a traditional concrete bridge to the one of a UHPFRC bridge. 

1.4 Limitations 

1.4.1 Production and mechanical properties of UHPFRC 

The material tests have not been carried out according to NF P18-470 (2016) because the tests were per-
formed before the literature review of NF P18-470 (2016) and NF P18-710 (2016) started. The tests per-
formed in this project were executed in almost the same way, for example the dimensions of the prisms at 
the three-point bending test and the cylinders were a bit smaller than NF P18-470 (2016) recommends. 
NF P18-470 (2016) states that the cylinders should have a diameter of 110 mm and slenderness ratio of 
2. NF P18-470 (2016) states that the tests should be applied on 6 specimens. Only 3 specimens of the 
same type were used in this study due to limitation of finical support. It was not possible to execute four-
point bending tests because of test setup limitations. 

The specimens tested in this study can be considered "small". Depending on the size of the specimens, the 
results may differ. Usually, smaller specimens have higher strength than larger ones (Yoo & Banthia, 
2017b). Larger elements have a significant higher chance to contain more elements with a lower strength 
(Neville, 1996). The scale effect was out of scope in this study due to limitations of financial support and 
setup opportunities. 

It exists different shapes of steel fibres that have different advantages and disadvantages (Soufeiani et al., 
2016). This study focuses mainly on short straight steel fibres, due to their better workability compared to 
formed fibres (Gesoglu et al., 2016; Wu et al., 2016). 

The fibre dispersion was not tested because of time and technology limitations. The dispersion of the 
fibres affects the mechanical properties of UHPFRC, especially the flexural performance (Yu et al., 2017). 
Parameters as SP content, w/b ratio and casting technique were investigated to ensure a proper fibre 
distribution, because of their effects on the fibre dispersion (Wang et al., 2017; Yu et al., 2017).  

The shrinkage and creep were not tested in this study due to time limitations. The desiccation creep is 
very low and the specific creep is less than for conventional concrete. The creep is almost non-existent if 
heat treatment has been used (NF P18-470, 2016). The shrinkage develops quickly from the begging of 
setting and has to be evaluated by tests (NF P18-470, 2016). The shrinkage of UHPFRC is often higher 
compared to conventional concrete, it can be up to two times higher (NF P18-470, 2016), but it can also 
be lower depending on the recipe and if heat curing is used (Russel & Graybeal, 2013). 

1.4.2 Difference in design between UHPFRC and conventional concrete bridges 

The designed UHPFRC bridges in this study are with non-prestressed reinforcement. On the other hand, 
bridges with prestressed reinforcement will be discussed with regard to what impact the prestressed rein-
forcement has on the thickness of a UHPFRC bridge (volume reduction). Most of the bridges designed 
with UHPFRC are with prestressed reinforcement (Russel & Graybeal, 2013). It is favourable to use pre-
stressed reinforcement due to the high compressive strength of UHPFRC (E. Rosell, personal communi-
cation, 29 June 2018), which can make it possible to make the UHPFRC bridges thinner compared to if 
they are designed with non-prestressed reinforcement. Even if most of the UHPFRC bridges in the world 
are with prestressed reinforcement it can still be motivated to design the bridges with non-prestressed 
reinforcement. E. Rosell (personal communication, 29 June 2018) says that prestressed bridges are seldom 
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built in Sweden due to lack of knowledge by construction companies and further high construction costs. 
Further, non-prestressed reinforcement together with fibres has not been used in Sweden and can there-
fore be of potential use.  

The bridges designed with UHPFRC do usually have a slim and thin shape but with a high cross-section, 
compared to the thickness (Endicott, 2007; Bierwagen 2010; Resplendino, 2008; Tanaka et al., 2011; 
Russel & Graybeal, 2013), in order to reach higher moment resistance and maintain a light bridge. The 
cross-section of the superstructure of the designed bridges has been chosen in this study to be rectangular 
in order to describe more easily the design steps with hand calculations. 

The study does not account for own life-cycle cost analysis (LCCA) or life-cycle analysis (LCA) of UHP-
FRC. Since UHPFRC bridges are relatively new products on the market, sufficient data is lacking which 
make it difficult to make a realistic analysis (Racky, 2004). Regarding the differences in CO2 emissions for 
the different cases, only cement and steel are included in the quantitative calculations. Due to time re-
straints during this phase of the project, cement and steel were considered most important to include 
considering their significant impact on the total CO2 emissions during the bridge's lifetime (Stengel & 
Schießl, 2008). However, the CO2 emissions from the bridges production and lifetime are discussed in a 
wider perspective, e.g. transportation, durability and design, and are included in the conclusions. Exam-
ples of omitted parameters from the quantitative calculations are transportation, installation, other mate-
rials than cement and steel (e.g. SF, quartz, sand, SP and water), man-hours, maintenance and demolition.  

The method for the calculation procedure will only be described for UHPFRC. For the conventional 
concrete is it just the construction classes, used standards and requirement documents and selected mate-
rials that will be described. The method and theory behind conventional concrete, the calculation of the 
traffic and dead loads, acting moment and shear force and the design load combinations is not something 
new and will therefore not be described. It is, on the other hand, described in the calculations presented 
in the Appendix. 

1.5 Structure of thesis 

This MSc Thesis consists of 7 chapters and the main subjects structure it. 

Chapter 1 introduces the study’s background, hypothesis, goal, objectives, and research questions. It also 
presents the study's limitations. 

Chapter 2 consists of two literature reviews. The first describes how the production of UHPFRC have 
been executed and how the mechanical properties have been tested and evaluated in previous projects. 
The literature review also describes the behaviour of the material with respect to the mechanical proper-
ties. The second describes constructions of UHPFRC bridges in different parts of the world and presents 
existing technical guidelines, recommendations and standards. 

Chapter 3 presents the method of production, testing and evaluation of the mechanical properties of the 
developed UHPFRC.  

Chapter 4 describes the case study where three bridges are designed: one with conventional concrete and 
two with different thickness of UHPFRC. The used standards, the required documents, the construction 
classes, and the used materials for the conventional concrete bridge are presented. For the UHPFRC 
bridges the design method is described in detail, including the new standards NF P18-470 (2016) and NF 
P18-710 (2016). The chapter also includes the method of calculating the CO2 emissions from the used 
cement and steel during bridge production.   

Chapter 5 contains the results of the mechanical properties and the material behaviour of the produced 
and tested UHPFRC and the results of the designed bridges. 

Chapter 6 contains the analysis and the discussion of the mechanical properties and the material behav-
iour of the produced and tested UHPFRC, the durability of UHPFRC and the designed bridges. The 
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analysis and the discussion of the designed bridges includes a description of CO2 emission from a wide 
perspective, not only relating to the production of steel and cement. Finally, the chapter also contains a 
discussion about the status of UHPFRC in the Swedish construction industry. 

Chapter 7 presents the conclusions from work presented in this MSc Thesis and proposals for future 
work. 

Appendix A contains an interview with Civil Engineer E. Rosell that is working at Trafikverket. The 
interview is about UHPFRC, developed concrete in Sweden and how bridges are optimized. 

Appendix B presents the data sheet for the used steel fibres in the production of the developed UHPFRC. 

Appendix C contains the calculations of the bridge with conventional concrete. 

Appendix D contains the calculations of the bridge with UHPFRC that has the same thickness as the 
bridge with conventional concrete. 

Appendix E contains the calculations of the bridge with UHPFRC that has an optimized thickness. 
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2  Theory and literature review 

2.1 Production and mechanical properties of UHPFRC 

This literature review has been written to get more knowledge about how UHPFRC and UHPC are pro-
duced, important parameters at production, e.g. different used types of materials, and how UHPFRC is 
tested to evaluate the mechanical properties. It has also been written to identify UHPFRC recipes that 
could be easily produced by concrete manufactures without disturbing too much the existing production 
technology. 

Presented is a conclusion that has been written based on this literature review, see Chapter 2.1.16. 

2.1.1 Scope and objectives of literature review  

This literature reviews’ scope has been to identify the following objectives:  

1. Different types of steel fibres, fibre contents, length of fibres, Lf, and aspect ratios (Lf over diameter) 
used in UHPFRC mixtures. The parameters are considered to see how it affect the material prop-
erties, e.g. workability, compressive strength, modulus of elasticity, flexural strength, tensile 
strength and fracture energy. The workability of the fresh mixture should be acceptable. When 
using ASTM C 230/ C 230M-03 (2003) is the maximum slump value 250 mm and a slump value 
close to that is considered as an acceptable workability.  
 

2. Different mixing technologies, mixture recipes, casting and curing processes will be studied to ob-
tain a recipe and a workflow that can be performed in the field or precast plant without any 
advanced treatment, e.g. heat curing and extensive vibration. The mixing technology that is 
sought is mixing with a conventional mixer, which is a mixer with single speed according to Wille 
et al. (2011a). It is sought because it should be easy as possible to replicate the mixing process. 
 

3. Recipes that provide at least 150 MPa in compressive strength and flexural strength greater than 25 
MPa after 28 days. The 150 MPa in compressive strength is sought to answer the requirement 
from AFGC (2013). 

  
4. The compressive strength should at least be 80-90 MPa after the first three days, which is important 

due to save time when the laboratory work is performed based on this review. The specimens will 
be tested after three days to see if the recipe that has been chosen indicates that the recipe can be 
classified as a UHPFRC mixture. If that is not the case, modifications of the recipe can be done 
and new specimens can be made. 
 

5. Four recipes that answer all the objectives, or some of them, are sought. They are then evaluated 
and the one that matches the objectives best will then be used, or some part of it, for the laboratory 
work. 
 

6. The standards that have been used for tests of mechanical properties in the literature are investi-
gated. It is done to be able to replicate the test as detailed as possible. 
 

7. How the fibres affect the durability of UHPFRC. The fibres should contribute to the mechanical 
properties and therefore do not bring any disadvantages during the lifetime of UHPFRC con-
structions. An overview of the durability of UHPFRC is also investigated, e.g. freezing and thaw-
ing resistance, lifetime and required UHPFRC cover. 



 8 

2.1.2 Limitations of literature review  

The full time allocated for this literature review process was limited to eight weeks. Other sources of in-
formation, describing other important parameters but not in focus of this work, were therefore not cov-
ered within this literature review. 

The literature review focused on: workability, fracture energy, modulus of elasticity, compressive and flex-
ural strength, which means that some other properties are excluded from the reviewed papers. The dura-
bility of UHPFRC will not be tested in the experimental tests due to time limitation but will be described 
shortly in this review, see the last subchapter in Chapter 2.1.10. 

2.1.3 Method of literature review  

This literature review has been written with information mainly from journal papers, conference papers, 
standards, thesis, reports and books. The search for information has been done on different databases 
with different keywords, which are described in Table 2-1. The keywords have been used separately and 
together. 

Table 2-1. Literature search summary. 

Database Web of Science  Google Scholar 

Date 2017-11-01 – 2017-12-04 2017-11-01 – 2017-12-04 

Key words 
Steel fibres, UHPC, UHPFRC, 
workability concrete, flowability 
concrete, (all together) 

Steel fibres, UHPC, UHPFRC, work-
ability concrete, flowability concrete, 
(all together) 

No. of hits 
17 574, 1 301, 644, 7 157, 2 766, 
449, (2) 

321 000, 371 000, 1, 130 000, 15 
600, (1) 

The refinements “short steel fibres” and “straight steel fibres” was made with the keywords in Table 2-1 
when they were used separately and together. A number of 28 papers were selected for detailed review. 

The literature review has been written with a short introduction at the beginning of each studied paper, 
where the main focus is described, and then a more detailed description to answer the objectives that are 
sought. 

2.1.4 Identified papers and selection 

The eleven different mixtures that have been studied will be described more in detail and separately ac-
cording to Table 2-2.  



 

 
9 

Table 2-2. The different mixtures that have been studied. 

Mixture (author) 

1 (Yang et al., 2009)  

2* (Wille et al., 2011a) (Wille et al., 2011b) (Wille et al., 2012) 

3 (Máca et al., 2013) 

4 (Yoo et al., 2013) 

5 (Yu et al., 2014) 

6 (Abbas et al., 2015)  

7 (Wu et al., 2016) 

8 (Su et al., 2017) 

9 (Wang et al., 2017)  

10 (Yoo & Banthia, 2017b) 

11 (Yu et al., 2017) 

*The articles are based on each other and will therefore be described together. 

Some other articles, except those described in Table 2-2, have also been studied in detail. Only a certain 
amount of the information that has been found in them will be described when information from the 
mixtures in Table 2-2 are presented. Some of them will be described more in detail while others just in 
short. It is either because only a certain amount of the information corresponds to the objectives or and 
the mixtures and their results are very similar to others that already had been studied. These articles are 
as follows: 

Aarup (2004) did a study where small UHPFRC beams were subjected to cycle loads and wetting-drying 
cycles with sodium chloride. 

Roesler et al. (2008) investigated the fracture properties and behaviour of functionally graded fibre rein-
forced concrete. 

Graybeal (2010) did a research about the durability of a UHPFRC beam. The flexural performance of the 
beam was tested by cycle loads when the tensile side of the beam was wetted with water containing sodium 
chloride. 

Piérard et al. (2012) did a study with an accelerated carbonation test on UHPFRC to see the required 
UHPFRC cover for a lifetime of 100 years and compared this with conventional concrete. 

Kim et al. (2012) worked with a project where they designed a cable-stayed bridge with UHPFRC girders 
and compared the lifetime, maintenance and overall construction costs to a conventional cable-stayed 
bridge. 

Piotrowski & Schmidt (2012) did a LCCA where a prestressed conventional concrete bridge was compared 
with a UHPFRC bridge. 

Sovják et al. (2013) used the mixture described by Máca et al. (2013) and describe the behaviour of UHP-
FRC at high impact energy. 

Yoo et al. (2015) did a study to see the biaxial flexural performance of UHPFRC with three different Lf of 
straight steel fibres. Panels were cast in two different ways and image analysis was performed to see the 
fibre distribution. Yoo & Banthia (2017b) did also use the same mixing process as Yoo et al. (2015). 
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Xu & Wille (2015) did study fracture energy of UHPFRC under direct tensile loading. 

Al-Masoodi et al. (2016) did a study to see the static and dynamic properties of coir fibre reinforced con-
crete and fibre reinforced concrete with SF. 

Gesoglu et al. (2016) investigated the mechanical properties of UHPFRC with straight and hooked-end 
steel fibres and glass fibres. 

Soufeiani et al. (2016) did an article review about steel fibre reinforced concrete. The main focus was to 
see different fibre types part and fibre dosage when the concrete is subjected to a dynamic load. 

Su et al. (2016) tested the mechanical properties of UHPFRC where straight and twisted steel fibres were 
used in different fibre dosages.  

Shafieifar et al. (2017) did a study to see the mechanical properties of UHPFRC and then make a three-
dimensional finite element simulation in Abaqus of the tested specimens to model the failure process.  

Zhou & Uchida (2017) did a study to see the fibre distribution in beams, slabs and walls. 

2.1.5 Influence of different aggregates and curing processes of UHPFRC 

Yang et al. (2009) performed a research to verify the influence of replacement materials for silica sand 
(SS), usually expensive, on the mechanical properties of UHPFRC. The replacement materials were recy-
cled glass gullet (RGC) and two types of local natural sand. Different curing temperatures (20 °C and 90 
°C) has also been studied to see the effect on mechanical and ductility properties. 

The mixture 

Materials and recipe 

A strength class of 52.5 N (Normal) for Portland Cement (CEM 1), complying with BS-EN 197-1 (2000), 
was used. SF and granulated blast-furnace slag (GGBS) were used as supplementary cementitious materials. 
The mechanical, physical and chemical properties are described in Table 2-3. The SP used was polycar-
boxylate based (Yang et al., 2009).  

Table 2-3. Mechanical, physical and chemical properties of cement, SF and GGBS (Yang et al., 
2009). 

 

The different aggregates used were SS, fine ordinary sand-type I (FOS-I), fine ordinary sand-type II (FOS-
II) and RGC. The aggregates were used separately to see the difference between them. SS had a grading 
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distribution between 150 and 300 µm. Two ordinary sand types were used after sieving and discarding 
coarse particles above 5 mm. The two types were categorized to FOS-I and FOS-II (Yang et al., 2009), 
according to BS-EN 197-1 (2000). RGC was used in the mixture without any treatment as sieving or 
washing and was categorized as medium size aggregate sand by Yang et al. (2009) according to BS-EN 
13139 (2002). The distribution of the aggregates is presented in Figure 2-1. 

 

Figure 2-1. Particle size distribution for the aggregates used by Yang et al. (2009). 

The straight steel fibres were made of high carbon steel and covered with brass. A constant fibre content 
of 2% by volume of the mixture was used. They had a tensile strength of 2000 MPa and the dimensions 
were 0.2 mm in diameter and 13 mm long, which result in a fibre aspect ratio of 65.  

GGBS and SF replaced the cement by 35% and 10% respectively by weight, which can be seen in Table 
2-4 where the mixture proportion is described. The use of SP made it possible to use a w/b ratio of 0.15.  

Table 2-4. Mixture proportions (Yang et al., 2009). 

 

Mixing process, technology and curing 

A horizontal 15-litre pan mixer was used for the mixing process. The cement, SF, GGBS and sand were 
first dry mixed for 1 minute. Water and SP were gradually added and mixed for 10 minutes to make the 
SP fully effective. The steel fibres were then added and the mixing proceeded to get a homogenise distri-
bution of the fibres and to get good workability. 

The different mixtures with different aggregate sands were cast into steel molds, cubes (50 mm) for com-
pressive strength test and prisms (50 x 50 x 200 mm3) for the flexural strength test. The molds were then 
vibrated with a vibrating table for 1 minute and then covered with damp hessian and polythene sheets. 
The molds were disassembled after 24 hours and the specimens were placed in water, either at 20 °C or 
90 °C. The specimens that were heat cured (90 °C) were stored in the water until seven days and then 
placed at room temperature until testing. The specimens that were cured in a 20 °C standard water tank 
were kept in the water until testing.  
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Tests and results 

Workability 

The workability test was performed with a flow table according to BS-EN 4551 (1998) and the results are 
presented in Table 2-5. The addition of fibres had an adverse effect on the flowability and the diameter 
varied between the different aggregates. The variation between the flowability of the aggregates can be 
related to the particle shape according to Yang et al. (2009), where the aggregates with more spherical 
shape have better flowability compared to angular shaped aggregates. 

Table 2-5. Flow diameter for the four different aggregates (Yang et al., 2009). 

 

Compressive strength 

The compressive strength test was done complying with BS-EN 1881-116 (1983) with a loading rate of 0.8 
kN/s. The compressive strength test was performed by Yang et al. (2009) at ages 7, 14, 28, 56 and 91 days 
for the specimens cured at both 20 °C and 90 °C and the results are described in Figure 2-2. It can be 
seen that specimens cured at 90 °C gave a higher strength (about 20%) compared to specimens cured at 
20 °C. On the other hand, the heat cured specimens did not show any high increase in strength after 
seven days compared to the 20 °C cured specimens which showed a further increase in strength. 

 

Figure 2-2. Compressive strength at different ages for the four different aggregates mixtures at 
20 °C and 90 °C (Yang et al., 2009). 

SS, FOS-I and FOS-II showed similar compressive strength compared to RGC which had a lower com-
pressive strength. The difference in compressive strength between sand specimens and RGC specimens 
can be due to geometry and internal structure. Yang et al. (2009) write “the lower void content of aggregate 
sand can enable the mortar in addition to filling the gaps between the sand particles to form a more rigid 
and homogeneous cementitious matrix carrying a higher load. With a lower void content, the ordinary 
sand (i.e. FOS-I and FOS-II) and SS help to form more rigid concrete matrix than that of RGC sand, 
resulting in a higher compressive strength”. 
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Firstly, the RGC has a smooth external surface which can cause reduced bond strength between the paste 
and glass particles. Secondly, the RGC is produced by bigger parts that have been crushed and this can 
result in initial cracks. Yang et al. (2009) explain that this two reasons can also contribute to the lower 
compressive strength compared to the other aggregates. 

Flexural strength and behaviour 

The flexural strength test was done by four-point loading according to BS-EN 12390 (2000) with displace-
ment control. The midspan deflection rate was kept constant with a rate of 0.15 mm/min and the span 
was 150 mm. 

A number of microcracks started to develop in the bottom of the prism at the beginning of the test. One 
crack processed to open up under higher load and propagated to the top of the prims at failure. The 
specimens cured at 90 °C showed a higher flexure strength compared to specimens cured at 20 °C, which 
is presented in the flexural strength – deflection curves (Figure 2-3). The specimens cured at 90 °C showed 
a faster decrease in carried load capacity than specimens cured at 20 °C.  

 

Figure 2-3. Flexural strength – deflection at 28 days for the different aggregates cured at (a) 90 
°C and (b) 20 °C (Yang et al., 2009). 

The flexural strength of the different aggregates at different ages is presented in Figure 2-4. The flexural 
strength follows the same behaviour as for compressive strength: the specimens cured at 90 °C shows a 
higher strength (about 10 %), the specimens cured at 20 °C shows an increase in strength over the ages 
and the RGC have the lowest strength. The flexural strength is mainly attributed to the bond strength 
between the fibres and the matrix. Different aggregates affect the porosity and homogeneity for the mix-
ture which affects the fibre deboning strength. Yang et al. (2009) write “with a lower void content and 
better particle distribution, UHPFRC made using SS and ordinary sand (i.e. FOS-I and FOS-II) had a 
more homogenous matrix than that of UHPFRC made using RGC sand”. It was also shown that RGC 
specimens had a higher porosity. 



 14 

 

Figure 2-4. Flexural strength at different ages for the four different aggregates mixtures at 20 °C 
and 90 °C (Yang et al., 2009). 

2.1.6 Optimized UHPC and UHPFRC mixture with straight steel fibres 

Wille et al. (2011a) did a study with different proportions of materials to optimize a UHPC mixture re-
garding the workability and strength. The curing was performed without any type of special treatment as 
heat or pressure. Wille et al. (2011b) used the optimized recipe from Wille et al. (2011a) and added steel 
fibres in different dosages. It was concluded that 2.0% steel fibre was best regarding the workability, but 
the optimized mixture was concluded to be with a steel fibre content of 2.5%. Wille et al. (2012) did some 
further work with the previously mentioned studies, e.g. compressive strength was tested with cubes which 
not had been done in the previous studies. Wille et al. (2011a) and Wille et al. (2012) used straight steel 
fibres, but also other shaped fibres but the main focus will be on describing the mechanical properties 
with straight steel fibres. 

The mixture 

Materials and recipe when optimizing the mixture 

A total of 38 different recipes were tested by Wille et al. (2011a) regarding the flowability and compressive 
strength. These 38 recipes were first tested without steel fibres. Wille et al. (2011a) used four different 
cement (C) types, see Table 2-6, but CA and CB were mainly used due to the lower Tricalcium aluminate 
(C3A) amount. An amount of C3A less than 8% have a low effect on the viscosity according to Sakai et al. 
(2008). 

Table 2-6. The different cement types used for testing (Wille et al., 2011a). 

 

The w/c ratio varied between 0.166 and 0.3 to find a compressive strength over 150 MPa and an accepta-
ble workability. The optimum w/c ratio was found to be 0.22 (Wille et al., 2011a). 
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Three different types of SF were tested separately, see Table 2-7, to achieve the highest compressive 
strength and best workability. SFA and SFB were described as grey fly ash (FA) with a specific surface area 
of about 22 mm2/g. The content of Sodium oxide (Na2O) + Kalium oxide (K2O) was up to 2% and the 
carbon content was up to 8%. The white SF (SFC) had a specific surface area of 12.5 mm2/g, 0.3% in 
carbon, 0.1% in Na2O and 0.07% in K2O content. The tests showed no significant difference in compres-
sive strength, but SFC needed less water which resulted in higher spread values when the flowability was 
tested and therefore used (Wille et al., 2011a). 

Table 2-7. Designation and properties for the three tested SF (Wille et al., 2011a). 

 

Very fine glass powder (GP), sometimes called silica powder or sand powder, was also used. The GP was 
used to improve the packing density of the paste. The GP had a median particle size of 1.7 µm and con-
tained more than 99% of silicon dioxide (SiO2). The cement, SF and GP (C:SF:GP) were tested with 
different proportion and it was shown that the proportion 1:0.25:0.25 was best suited. The UHPC mix-
ture showed a compressive strength higher than 150 MPa at 28 days and a spread value over 300 mm 
when it was tested according to ASTM C 230/ C 230M (n.d.) (Wille et al., 2011a). 

The high-range water reducer (HRWR) used was based on polycarboxylate ether. It was shown by Wille et 
al. (2011a) that “the optimum range was found to be between 1.4 and 2.4% of cement by weight (or a 
solid content of HRWR between 0.5 and 0.9% of cement by weight)”. 

Two different types of fine SS were used and the grain size distribution for the sand types are presented 
in Table 2-8. The proportions for the sands was chosen to 20% of sand 1 and 80% of sand 2. The sand-
to-cement ratio was 1.4 which resulted in 775 kg of cement per m3. 

Table 2-8. Grain size distribution (Wille et al., 2011a). 

 

Materials and recipe for the optimized mixtures 

The optimized mixture by Wille et al. (2011b) for UHPC and UHPFRC are described in Table 2-9. The 
steel fibres used had a tensile strength greater than 2600 MPa with a diameter of 0.2 mm and a Lf of 13 
mm. The fibre content varied between 1.5%, 2.0% and 2.5%. 
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Table 2-9. Optimized mixtures with and without straight steel fibres (Wille et al., 2011b). 

 

Mixing process, technology and curing 

The mixing was performed with a horizontal pan mixer (60 litre and 1.8 kW) with a constant speed of 60 
rpm (Wille et al., 2011b). A smaller mixer, a food-type mixer, was used for small batches which had a 
capacity of 5.6 litre (Wille et al., 2012). The mixing process started with mixing SF and the two sands for 
5 minutes. The cement and GP were then added and mixed for 5 minutes. All the water was then gradually 
added within 1 minute. All the HRWR was then added and the mixture proceeded for another 5 minutes. 
To the last, the fibres were added and a final mixing of 5 minutes was performed. The mixtures for the 
workability test was then directly poured in the cone (Wille et al., 2011b). 

The mixtures were cast in molds without any vibrating and then stored at room temperature with covered 
plastic sheets. The mixtures were poured in layers to improve the alignment of the fibres. The molds were 
then disassembled after 24 hours and, the specimens were placed in a water tank with a temperature of 
20 °C for 25 days. The specimens were then dried at laboratory temperature for 48 hours and then sprayed 
with a coating spray 24 hours before testing. The spray was applied on the middle portion to easier see 
the cracks while testing. The specimens were tested at the age of 28 days if nothing else is stated (Wille et 
al., 2011b). 

Tests and results 

Workability 

The workability tests when optimizing the mixtures (without fibres) was done by pouring the mixtures 
into a flow cone on a flow table according to ASTM C 230/ C 230M (n.d.). The cone was filled up to full 
capacity and then removed. The paste was spread on the plate without vibrating. The spread value was 
then measured after 30 seconds of two mixtures for each mixture. The cone used is presented in Figure 
2-5. The workability test for the optimized mixtures in Table 2-9 was performed with a slump cone on a 
flow table without vibrating and the spread values are presented in Table 2-9. It was found that even the 
highest fibre dosage (2.5%) had an accepted flowability (Wille et al., 2011a). 
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Figure 2-5. Workability test in accordance with ASTM C 230/ C 230M (n.d.) (Wille et al., 
2011a). 

Compressive strength 

The compressive test in the study by Wille et al. (2011b) was performed on prisms with the dimensions 
50 x 50 x 100 mm3, according to Wille et al. (2011a). The compressive strength test was performed on 
four prisms of each mixture. Both loading faces for each prism was grinded before testing. The grinding 
was done to get the load uniformly applied which lead to higher consistency of the result. No capping of 
the prisms was performed due to the higher strength of the specimens compared to the available material 
(Wille et al., 2011a). The results from the compressive strength test are described in Table 2-9. 

Flexural (bending) strength 

The flexural strength test in the study by Wille et al. (2011b) was performed on prisms with the dimensions 
100 x 100 x 400 mm3, according to Wille et al. (2011a). The test was performed accordingly to ASTM C 
1609/C 1609M-05 (2005) with a span of 300 mm. The results are described in Table 2-9. 

Improvements of the mixtures and compressive strength  

Wille et al. (2012) did later improve the mixtures with the focus to increase the strength and the results 
are described in Table 2-10, with the different proportions of materials. The UHPFRC A in the table 
corresponds almost to the UHPFRC by Wille et al. (2011b). Wille et al. (2012) did some small changes 
with the proportions of the mixtures and some changes in the preparation of the specimens, but the 
materials were the same. The mixing process was the same as the one described by Wille et al. (2011a) 
expect that the paste was mixed at variable speed. The molds were disassembled after 24 hours and the 
specimens were then water cured at a temperature of 20 °C until one day before testing. To ensure that 
the weak zone did not affect the result, about 2 mm of the top layers of the specimens were cut off. The 
compressive strength test was performed on 50 mm cubes and the surfaces were grinded. Wille et al. 
(2012) used different types of fibres in the study (straight, twisted and hooked). It is uncertain which 
type/types of fibres that were used in the mixtures UHPFRC B, C and D. However, it is certain that 
straight steel fibres were used in UHPFRC A. 
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Table 2-10. Mixture proportions and strength results (Wille et al., 2012). 

 

2.1.7 Mechanical properties of optimized UHPFRC mixture with different fibre dosage of 
straight steel fibres 

Máca et al. (2013) performed a study to optimize a UHPFRC mixture with straight steel fibres. The study 
started with optimizing UHPC mixtures without steel fibres. The two best-performed mixtures were then 
tested with steel fibres. The mixture with the best mechanical properties of them was then evaluated with 
four different steel fibre contents (0%, 1%, 2% and 3%). The mechanical properties tested and evaluated 
were the compressive strength, modulus of elasticity, flexural strength, tensile stress and workability. All 
the mechanical properties except tensile stress will be described. The mixtures when optimizing the UHP-
FRC will be described but not for the UHPC. It should be mentioned that the proportions of the mixtures 
were based on Wille et al. (2011a) study, which is described in the previous chapter. 

The mixture 

Materials and recipe 

The two UHPFRC mixtures that were optimized by Máca et al. (2013) in the first step are described in 
Table 2-11. From 24 tested mixture, those two mixtures were the best-performed mixtures. The proportion 
of cement, SF and GP with a w/c ratio of 0.22 was used based on the recommendation from Wille et al. 
(2011a). The varying parameters in Table 2-11 between UHPFRC 2 and UHPFRC 3 are the type of 
HRWR. The coarser sand varied depending on the fibre content (Máca et al., 2013). 
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Table 2-11. Proportions of two mixtures with different fibre dosage and their spread values 
(Máca et al., 2013). 

 

The steel fibres used were straight steel fibres with a tensile strength of 2800 MPa. Straight steel fibres 
were used due to the good trade-off between tensile behaviour and workability. The fibres had a Lf of 13 
mm and a diameter of 0.15, which result in a fibre aspect ratio of 87. Máca et al. (2013) used a fibre 
content of 2% and 3% in the mixtures described in Table 2-11.  

The tests showed (see subchapter Tests and results below) that mixture UHPFRC 3 in Table 2-11 showed 
better workability and higher compressive and tensile strength compared to UHPFRC 2. The optimized 
mixture is described in Table 2-12 and this mixture was further tested. The fibre dosage was 0%, 1%, 2% 
and 3%. 

Table 2-12. Optimized mixture with different fibre contents (Máca et al., 2013). 

 

Mixing process, technology and curing 

UHPC contains more constituents and smaller particles than conventional concrete (Máca et al., 2013). 
Wille et al. (2011a) recommend mixing all small dry particles before pouring the HRWR and water into 
the mixer. The reason is explained by Máca et al. (2013) that “it is because small particles tend to agglom-
erate and it is easier to break these chunks when the particles are dry”. Máca et al. (2013) do also write 
that “it is also recommended to mix the coarsest particles with the finest, then the second coarsest particles 
with the second finest particles, etc.”. A 10-litre mixer, food-type mixer, was used for the mixtures in  
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Table 2-11 and horizontal-pan rotating mixer with a capacity of 30 litre was used for the mixtures presented 
in Table 2-12. The mixing process was very similar to the one performed by Wille et al. (2011b). Máca et 
al. (2013) started the mixing process with mixing SF and the two sands for 5 minutes. The cement and 
GP were then added and mixed for 5 minutes. All the water was then added and the HRWR was gradually 
added. The mixture proceeded for another 5 minutes. To the last, fibres were added and a final mixing 
for 5 minutes was performed. 

It is described in the subchapter Tests and results below and Table 2-11 that the addition of fibres makes 
the workability to decrease, but Máca et al. (2013) are also describing an advantage with adding fibres 
regarding the workability. Remaining agglomerates in the paste were dissolved with the help of the shear 
force from the fibres. 

The mixtures were then cast into steel molds and were done in two layers at the same time as the molds 
were vibrated for a short time. The molds were then stored 24 hours in room temperature and then 
disassembled. The specimens were cured 27 days in a water tank with lime-saturated water at a temperature 
of 20 °C until they were tested at the age of 28 days. 

Tests and results 

Workability 

The workability test was performed using a cone and a flow table in accordance with CSN-EN 1015-3 
(n.d.). The cone was lifted and the spread value was measured from the slump after knocking the table 15 
times. The spread results from the tests are described in Table 2-11 and it can be seen that the spread 
values are decreasing with a higher fibre dosage (Máca et al., 2013). 

Compressive strength and modulus of elasticity 

The compressive strength tests with the mixtures in Table 2-11 were tested on the half prisms from the 
prisms that were used for the flexural test. The whole prisms had a dimension of 40 x 40 x 160 mm3. The 
compressive strength test was performed according to CSN-EN 1015-11 (n.d.). The results from these tests 
are described in Figure 2-6. It was shown that UHPFRC 3 had a higher compressive strength compared 
to UHPFRC 2 and the strength increased with higher fibre content. 

 

Figure 2-6. Compressive and flexural strength of two different mixtures at different fibre con-
tents (Máca et al., 2013). 

The mixture in Table 2-12 was then tested with cylinders that had a height of 200 mm and a diameter of 
100 mm. The bottom and the top were cut off and grinded because no capping material could be used 
due to the high strength of the specimens. A DSM 2500-100 testing apparatus with a loading capacity of 
2500 kN was used. Máca et al. (2013) write that the “compressive strength was measured on cylinders by 
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monotonic increments of load with average speed of 36 MPa/min up to the level of 70% of the expected 
compressive strength. At this point loading was switched to deformation control with a speed of 0.5 
mm/min for about 2 minutes in order to measure peak and post peak behaviour. In the softening branch 
speed was increased to 1.2 mm/min”. 

The results from the compressive strength test are described in Figure 2-7, where also the modulus of 
elasticity is described. The highest compressive strength achieved was 151.7 MPa at a fibre content of 2% 
(Máca et al., 2013). It can be seen in Figure 2-7 that the compressive strength is increasing to a fibre 
content of 2% but is then decreasing when a fibre content of 3% is used. This behaviour was also shown 
in the study by Yoo et al. (2013) at a fibre content of 4%, which will be presented in Chapter 2.1.8. It is 
assumed by Máca et al. (2013) that the air content is increased with higher fibre content and write that 
the result is probably because of higher air content. Less workability results in thicker mixtures which 
leads to a higher amount of air voids. The higher amount of air results in less strength of the matrix and 
stress concentration in the voids. Al-Masoodi et al. (2016) explained the same thing. Higher fibre dosages 
cause poor workability which results in high amounts of air that is trapped in the mixture and this leads 
to strength loss. 

The modulus of elasticity was evaluated by Máca et al. (2013) with two strain gauges. They were attached 
to the sides of the cylinder and had a 150-mm base. The measuring was complying with the recommenda-
tions from CSN-ISO 6784 (n.d.). Máca et al. (2013) write “in the first step the specimen was loaded to 
1/3 of expected maximal compressive strength – in this case 50 MPa – for 60 seconds. Afterwards the 
specimen was unloaded to 5 MPa. This procedure was repeated three times. In the second step, the spec-
imen was loaded until failure and compressive strength was determined”. 

The secant modulus of elasticity was then evaluated from the stress-strain curve from the third unload 
branch. The highest modulus of elasticity was found at a fibre content of 2% and was 56.9 GPa, which 
can be seen in Figure 2-7. A decrease in value was achieved at a fibre content of 3%. 

 

Figure 2-7. Compressive strength and modulus of elasticity for the cylinders at different fibre 
contents (Máca et al., 2013). 

It can be noted that the compressive strength differed when the tests were performed with the half of the 
prisms comparing with the cylinders. It can be due to the distribution of fibres and due to different flow-
velocity profiles in different specimen sizes (which are more discussed in Chapter 2.1.14). It is commonly 
known that, at normal strength levels, smaller specimens show higher strength compared to larger speci-
mens, which has been theorized to be due to that larger elements have higher chance to contain more 
elements with lower strength (Neville, 1996). But the difference in strength between larger and smaller 
elements are decreasing at higher compressive strength levels (Graybeal & Davis, 2009). 



 22 

Flexural strength 

The flexural strength test, a three-point bending test, was performed in accordance with CSN-EN 1015-
11 (n.d.). The prisms with a dimension of 40 x 40 x 160 mm3 were subjected to a loading rate of 1.5 
mm/min and the tests were deflection controlled. The results from these tests are described in Figure 2-6. 
It was shown that UHPFRC 3 had a higher flexural strength compared to UHPFRC 2 and the strength 
increased with higher fibre content. It was found that the prisms had a ductile post-peak behaviour (Máca 
et al., 2013). 

2.1.8 Four different dosages of straight steel fibres 

Yoo et al. (2013) investigated the effect of different dosage (1%, 2%, 3% and 4%) of straight steel fibres 
on mechanical properties of Ultra high performance fibre reinforced cementitious composites. 

The mixture 

Materials and recipe 

The cementitious materials that were included in the mix were Type 1 (General purpose) Portland Cement 
and SF. The physical properties and chemical compositions of the cement and SF are described in Table 
2-13. 

Table 2-13. Physical properties and chemical compositions (Yoo et al., 2013). 

 

The w/b ratio was kept constant with a value of 0.2. The sand that was used had a grain size smaller than 
0.5 mm. A filler that had 2 µm in diameter was used without coarse aggregate and including 98% SiO2. 
A polycarboxylate based SP was used. The SP was used by Yoo et al. (2013) because it improves the flow-
ability of the mixture and increases the fibre dispersibility (Cho et al., 2012). The mixture proportions are 
described in Table 2-14. 

Table 2-14. Proportions for the mixtures in weight and the flowability (Yoo et al., 2013). 

 

Straight micro steel fibres were used in four different contents, 1%, 2%, 3% and 4%. The Lf and the 
diameter were constant and the properties are described in Table 2-15. 
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Table 2-15. Properties of the steel fibres (Yoo et al., 2013). 

 

Mixing process, technology and curing 

The mixing process is not described by Yoo et al. (2013), but cylinders were cast for the compressive 
strength test and prisms for the three-point flexure test. The cylindrical specimens had a dimension of 100 
x 200 mm2 and a total of twelve specimens were used. The dimensions of the prisms were 100 x 100 x 400 
mm3 and a 10-mm notch was placed at the mid-length (10% of the height of the prism). The fibres in the 
prisms were cast parallel to the longitudinal direction and two to three specimens were used for each fibre 
content. The curing process started with placing the specimens at room temperature for 48 hours before 
the molds were disassembled. The specimens were then heat cured with a temperature of 90±2 °C for 
three days. 

Tests and results 

Workability 

The workability test was performed according to ASTM C 1437-07 (2007) and the result is described in 
Table 2-14. It can be seen that the flowability is decreased with higher fibre content (Yoo et al., 2013), 
which corresponds to the results obtained by Abbas et al. (2015) and Wu et al. (2016). The flowability was 
decreased even with higher SP content for the higher fibre contents (Yoo et al., 2013). 

Compressive strength and modulus of elasticity 

The compression test was performed complying with ASTM C 39/C 39M-12a (2012). A universal testing 
machine (UTM) was used for the compression test and the maximum load capability was 3000 kN. The 
modulus of elasticity was also evaluated in the test. The compressive strength and the modulus of elasticity 
are shown in Figure 2-8. It can be seen that the highest compressive strength and modulus of elasticity are 
at a fibre content of 3%, but the values at 4% are the lowest of all fibre contents (Yoo et al., 2013). This 
behaviour corresponds to the one observed by Máca et al. (2013), where three different fibre contents 
(1%, 2% and 3%) were investigated and 3% had the lowest compressive strength. Abbas et al. (2015) on 
the other hand showed only an increase in compressive strength with an increase of fibre content up to 
6%. This can be explained by the evenly distribution of fibres, which can be hard to achieve (Atiş & 
Karahan, 2009). The specimens failed in a brittle manner but did not split or fail into pieces, due to the 
confinement by the fibres (Yoo et al., 2013).  
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Figure 2-8. Compressive strength and elastic modulus for different fibre content (Yoo et al., 
2013). 

Flexural strength and behaviour 

Three-point flexure test was performed with a UTM that had a capacity of 250 kN through displacement 
control. The deflection was measured from two linear variable differential transformers (LVDT) that are 
described in Figure 2-9, where the test setup is described. A clip gage (10 mm in maximum capacity) was 
used to measure the crack mouth opening displacement (CMOD). 

 

Figure 2-9. Three-point flexure test; (a) dimensions of prisms in mm, (b) test setup (Yoo et al., 
2013). 

It can be seen from Figure 2-10 and Figure 2-11 that the load capacity is increased with higher fibre con-
tents. The fibre bridging effect was higher for higher fibre content which resulted in higher load capacity. 
The first crack was obtained at similar load for all the fibre contents, see Figure 2-11, which is because of 
the matrix that first is activated and later the fibres (Yoo et al., 2013). 
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Figure 2-10. Result from the flexure test where V1, V2, V3 and V4 present a fibre content of 1%, 
2%, 3% and 4%; (a) load-deflection curve, (b) load and CMOD curve (Yoo et al., 2013). 

 

 

Figure 2-11. Flexural properties at different fibre contents; (a) first crack load, (b) CMOD and 
deflection at first crack, (c) flexural strength, (d) CMOD and deflection at peak load (Yoo et al., 
2013). 

Fracture energy 

It was concluded by Yoo et al. (2013) that the fracture energy increased with higher fibre content due to 
the higher fibre bridging effect. Higher fibre bridging effect resulted in larger peak load and larger area 
under the load-CMOD curve, see Figure 2-10. The fracture energy was calculated by a numerical model. 
A bi-linear softening curve was made from the load-CMOD curve and the fracture energy was calculated 
from the area under the bi-linear softening curve. 
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2.1.9 Properties for fresh and hardened UHPFRC with low cement amount and straight 
steel fibres 

Yu et al. (2014) did a study of UHPFRC mixtures with low cement amount. The cement was replaced 
with limestone and quartz powder. The steel fibre used were straight steel fibre at different fibre dosages, 
which were 0.5%, 1.0%, 1.5%, 2.0% and 2.5%. Compressive strength, flexural strength, workability, po-
rosity and air content were evaluated. The thermal properties were also evaluated but will not be described 
in this literature review. The porosity and air content will only be described shortly. 

The mixture 

Materials and recipe 

Ordinary Portland Cement CEM I 52.5 R (Quick) was the used cement in this study. The SP used was 
polycarboxylic ether based. Quartz powder and limestone were used to replace the cement and acted as 
fillers. Two types of sand were used in the mixture, one micro-sand with the fraction 0-1 mm and one 
normal sand with the fraction 0-2 mm. Micro-silica (powder) was chosen as pozzolanic material. The spe-
cific density of the used materials is described in Table 2-16. 

Table 2-16. Used materials and their specific density (Yu et al., 2014). 

 

The used steel fibres were straight and had a Lf of 13 mm and a diameter of 0.2 mm. The different steel 
fibre contents in the mixtures were 0.5%, 1.0%, 1.5%, 2.0% and 2.5%. 

Yu et al. (2014) used a modified Andreasen and Andersen model by Funk & Dinger (1994) to obtain the 
proportions of the mixtures that are described in Table 2-17. The materials that are varying in amount 
(except steel fibres) are cement, limestone, quartz powder and water (due to lower cement content in 
UHPC2 and UHPC3). UHPC1 is the reference mixture with only cement. The cement in UHPC2 was 
replaced by limestone and the cement in UHPC3 was replaced by quartz powder. 

Table 2-17. Proportions for the three used mixtures (Yu et al., 2014). 

 

Mixing process, technology and curing 

The total mixing process took 7 minutes and 30 seconds and the process is described in Figure 2-12. The 
mixing process was performed in laboratory conditions with a room temperature of around 21 °C. 
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Figure 2-12. Mixing process (Yu et al., 2014). 

The mixtures workability was tested after mixing and then cast in molds which were compacted on a 
vibrating table. The specimens used for compressive and flexural strength tests were prisms with the size 
of 40 x 40 x 160 mm3. The molds were disassembled after 24 hours and the specimens were then cured 
in water with a temperature of 21 °C. The specimens were cured until the age of seven and 28 days when 
they were tested. At least three specimens with every mixture were used for each test. 

Tests and results 

Workability 

Yu et al. (2014) performed workability tests with flow table tests according to BS-EN 1015-3 (2007). The 
relative slump, xp, was then calculated with 
 

!" =
$% + $'
2$)

'

− 1, (2.1) 

 
where d1 and d2 (mm) are two diameters perpendicular to each other measured from the test, d0 (mm) is 
the base diameter of the used cone (100 mm when a Hägermann cone is used) (Yu et al., 2014). 

The results from the workability test for the different mixtures with different fibre content are described 
in Figure 2-13. It can be seen that the slump flow is decreased for the mixtures when the fibre content is 
increased. The decrease is due to cohesive forces between the fibres and concrete matrix (Yu et al., 2014). 
It can also be seen from Figure 2-13 that UHPC1 with only cement have the lowest slump flow, which 
shows that replacing cement with fillers improves the workability. 

 

Figure 2-13. Slump flow for the different mixtures at different fibre contents (Yu et al., 2014). 

Air content and porosity 

The results from the air content tests at different fibre contents are described in Figure 2-14. It is shown 
by Yu et al. (2014) that the air content is increasing with higher fibre contents and this strengthens Máca 
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et al. (2013) assumption discussed in Chapter 2.1.7. The increase in air content could be explained by the 
particle packing of concrete ingredients which steel fibres could affect (Yu et al., 2014). 

 

Figure 2-14. Air content for the different mixtures at different fibre contents (Yu et al., 2014). 

The porosity follows the same pattern as the air content which can be seen in Figure 2-15. It should be 
noted that the porosity is still lower compared to conventional concrete (Yu et al., 2014). 

 

Figure 2-15. Permeable porosity for the different mixtures at different fibre contents (Yu et al., 
2014). 

Compressive strength 

The compressive strength tests by Yu et al. (2014) were performed in accordance with BS-EN 196-1 (2005) 
and the specimens were tested at seven and 28 days. The results from the tests are presented in Figure 
2-16. The compressive strength is increasing with higher fibre dosages. The highest strength is achieved 
with UHPC1 that have a strength of 156 MPa at 28 days. It is therefore concluded by Yu et al. (2014) that 
the mixture with the highest cement content has the highest strength. UHPC3 with quartz powder, on 
the other hand, do not have that much lower strength at 28 days, more specific 141.5 MPa. 
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Figure 2-16. Compressive strength at seven and 28 days for the different mixtures at different 
fibre contents (Yu et al., 2014). 

Flexural strength  

The flexural strength tests were performed in accordance with BS-EN 196-1 (2005) and the specimens 
were tested at seven and 28 days. The results from the tests are presented in Figure 2-17. The flexural 
strength follows the same pattern as the compressive strength and UHPC1 had a strength of 33.5 MPa 
and UHPC3 of 27.0 MPa at 28 days (Yu et al., 2014). 

 

Figure 2-17. Flexural strength at seven and 28 days for the different mixtures at different fibre 
contents (Yu et al., 2014). 

Improvement ratio of the compressive and flexural strength 

Yu et al. (2014) studied the improvement ratio for compressive and flexural strength. The results are 
described in Figure 2-18 and Figure 2-19. The improvement is explained by Yu et al. (2014) that “due to 
the addition of fibres, the fibres can bridge cracks and retard their propagation, which directly causes that 
the strength (especially the flexural strength) of concrete significantly increase”. The compressive strength 
had a linear increase while the flexural strength had a more parabolic increase. 
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Figure 2-18. Improvement ratio for compressive strength at seven and 28 days for the different 
mixtures at different fibre contents (Yu et al., 2014). 

 

Figure 2-19. Improvement ratio for flexural strength at seven and 28 days for the different mix-
tures at different fibre contents (Yu et al., 2014). 

2.1.10 Different fibre ratio with different dosage of straight steel fibres and durability 

Abbas et al. (2015) investigated how different steel fibre Lf and dosage affect the mechanical properties at 
different ages (7, 14, 28 and 56 days) and the durability performance of UHPFRC. The durability perfor-
mance will be described in the end where the work by other authors, regarding durability, also will be 
presented. 

The mixture 

Materials and recipe 

The compounds in the mixture were Portland Cement, SF, quartz sand, quartz powder and SP (polycar-
boxylate based) and steel fibres. The chemical and physical properties are described in Table 2-18.  
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Table 2-18. Chemical and physical properties (Abbas et al., 2015). 

 

The copper coated steel fibres had a varying Lf of 8 mm, 12 mm and 16 mm with a diameter of 0.2 mm. 
Their tensile strength was at least 2850 MPa and the fibre content varied between 0%, 1%, 3% and 6%. 
The dosage of the fibre content was adjusted by changing the quartz sand volume to keep the UHPFRC 
volume consistent. The fibre aspect ratio for 8 mm, 12 mm and 16 mm becomes 40, 60 and 80. 

The mixture and mixture proportions were decided from a previous study (Wille et al., 2011a) and by own 
trail mixes (Abbas et al., 2015). The mix proportions are described in Table 2-19. 

Table 2-19. Mixture proportions (Abbas et al., 2015). 

 

Mixing process, technology and curing 

A 120-litre shear pan mixer was used for the mixing. The first step was to dry-mix the quartz sand and SF 
for 3-5 minutes. The cement and quartz powder were then added and the mixing resumed 3 minutes. The 
mixing resumed continuous another 3 minutes after half of the amount of SP was mixed with the water 
and was poured steadily into the mixture. The rest of SP was then added over 3 min of mixing. The steel 
fibres were added in the end and were mixed until they were fully dispersed. 

The mixture was cast in molds directly after the mixing had ended. The mixture was cast with three layers 
and the specimens were vibrated on a plate between each layer. Three cylinders (75 x 150 mm2) was cast 
for each fibre content, Lf and curing age and was used for a compressive strength test. The compressive 
strength was tested at 7, 14, 28 and 56 days. Three prims (100 x 100 x 400 mm3) were cast for each fibre 
content and Lf. They were used for a flexural strength test and was tested at 28 days. The specimens were 
first cured for five hours in an environmental room with a temperature of 45 °C and relative humidity 
(RH) higher than 95%. The molds were then disassembled and the specimens were placed in a moist 
curing room for five days at a temperature of 20 °C and RH higher than 95%. The specimens were then 
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placed in a laboratory room with a temperature of 20±2 °C. The curing process was performed in these 
stages to simulate the process that is used in industrial precast plants (Abbas et al., 2015). 

Tests and results 

Workability 

The flowability decreased with larger fibre contents and Lf (Abbas et al., 2015), see Table 2-20, and corre-
sponds to the results from Wu et al. (2016). Abbas et al. (2015) did not state if they used any specific 
standard for the workability test, but four samples for each fibre content and Lf was used. The fresh mix-
tures had a temperature between 24 °C and 28 °C. 

Compressive strength and modulus of elasticity 

The procedure for the compressive strength test conformed to ASTM C 39/C 39M (2010). The loading 
rate was 1 MPa/s. The stresses and strains were recorded under the compression load and the stress-strain 
curve was almost completely linear up to the peak compressive stress (Abbas et al., 2015), see Figure 2-20. 
The linear behaviour was also confirmed by the work of Hassan et al. (2012). The initial slope (up to 85% 
of maximum stress) of the curve was therefore used to determine the modulus of elasticity (Abbas et al., 
2015). 

The mixture showed a more ductile behaviour and had a steadier drop in load carrying capacity with steel 
fibres than without. The ductility and a steadier drop were increased with higher steel fibre content (Abbas 
et al., 2015), which can be seen in Figure 2-20. 

 

Figure 2-20. Stress-strain for UHPC with 8 mm steel fibres with different content (Abbas et al., 
2015). 

The compressive strength and modulus of elasticity are described in Table 2-20. It can be seen that the 
compressive strength was increased with higher fibre content (Abbas et al., 2015), which is in agreement 
with Su et al. (2017) and Wu et al. (2016). The compressive strength was also increased at a later age if 
comparing 56 to 28 days, which is due to the hydration reaction of pozzolanic cementious materials (El-
Dieb, 2009). The Lf, on the other hand, had no significant effect on the increase of compressive strength. 
The Lf and fibre dosage had a small impact on the modulus of elasticity (Abbas et al., 2015). It was shown 
that mixtures without fibres had a sudden and explosive behaviour at failure which caused large damage 
to the specimens. The cylinders with steel fibre did not split or fail into pieces and were almost completely 
intact (Abbas et al., 2015), which according to El-Dieb (2009) was due to contribution of the fibres. 
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Table 2-20. Flow, compressive strength and modulus of elasticity for different steel Lf and con-
tent (Abbas et al., 2015). 

 

It should be mentioned that Abbas et al. (2015) used the standard ASTM C 39/C 39M-10 (2010), which 
is for cylindrical specimens. Gesoglu et al. (2016) on the other hand used ASTM C 39/C 39M-12a (2012) 
(which also is meant for cylindrical specimens) to test the compressive strength but with 50 mm cubes. 
Shafieifar et al. (2017) used ASTM C 109/C 109M (n.d.) to test the compressive strength with 50 mm 
cubes, which is accordingly to the standard. 

Flexural strength and behaviour 

The procedure for the flexural test conformed to ASTM C 1609/C 1609M (2010). The load was applied 
in displacement control at a rate of 0.05 mm/min (Abbas et al., 2015). The flexural behaviour is described 
by Abbas et al. (2015) in the following way: “The first crack load is the load at which the initial linear 
elastic slope of the load-displacement plot ends, while the peak load represents the maximum load of the 
load-displacement curve. Furthermore, the failure point corresponds to the point just before the complete 
failure or breakage of the segment into two pieces”. 

The specimens without steel fibres showed a brittle failure compared to the ones with steel fibres and the 
steel fibres improve the peak load, see Table 2-21. A higher steel content did also result in higher strength 
(Abbas et al., 2015). The fibres are closely spaced at higher dosages which result in better control of grow-
ing cracks (El-Dieb, 2009).  

Table 2-21. Flexural properties for different fibre content and Lf (Abbas et al., 2015). 

 

It can be seen from Table 2-21 and Figure 2-21 that a shorter Lf results in a higher first crack and peak 
load, respectively. The higher first crack and peak load are because of short fibres can control the progress 
of multiple microcracks and delay the development of macrocracks (Abbas et al., 2015). Larger cracking 
and peak load with short fibres was due to the fibre gripping force applied at the crack tips, which blocked 
the spread and growth of cracks (El-Dieb, 2009). Same dosages of short and long fibres also result in more 
short fibres compared to long. Yoo & Banthia (2017b) on the other hand showed that long straight fibres 
had higher flexural strength compared to short fibre. Furthermore, Yoo & Banthia (2017b) showed that 
the use of short fibres resulted in higher compressive strength compared to when than the long fibres were 
used (see Chapter 2.1.14). 

It can be seen from Figure 2-21 that the specimens with short fibres had a steeper slope after the peak load 
compared with long fibres and this is due to the larger bond strength of longer fibres (Abbas et al., 2015). 



 34 

 

Figure 2-21. Load-deflection curve for 8 and 16 mm fibres at the same content (3%) (Abbas et 
al., 2015). 

Closely small spaced cracks were developed at the beginning instead of one large until the load was too 
large and more and more fibres were pulled out from the matrix and one big crack developed before the 
failure (Abbas et al., 2015). The development of small spaced cracks is due to the fibres ability to redistrib-
ute the stresses through several microcracks (El-Dieb, 2009). The lower average crack spacing was a result 
of this and a higher dosage gave a lower crack spacing as well as for short fibres compared with long, which 
is described in Figure 2-22 (Abbas et al., 2015). 

 

Figure 2-22. Average crack spacing for different fibre dosage and Lf (Abbas et al., 2015). 

Durability 

The following durability tests were performed according to Abbas et al. (2015): rapid chloride ion pene-
trability test, salt ponding test and salt immersion test. The conclusions from the durability tests according 
to Abbas et al. (2015) were “that UHPC exhibited improved durability properties owing to its very low 
porosity and denser micro-structure, which was confirmed through MIP and SEM analyses. There was no 
significant effect of the Lf on the durability properties of UHPC. However, at higher fibre dosage, UHPC 
mixtures exhibited relatively improved durability properties. No deterioration of UHPC mechanical prop-
erties was observed after various severe exposures to chloride ions”. 
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Graybeal (2010) writes that UHPFRC does not have the early-age microcracks as for conventional concrete 
because UHPFRC does not contain coarse aggregates. The homogeneous cementitious matrix, which re-
sults in extremely low permeability, together with the absent of early-age microcracks results in exceptional 
durability of UHPFRC.  

Graybeal (2010) did a research about how the flexural strength of a UHPFRC beam (4.88 m) behaves 
when the tensile side of the beam is subjected to water containing a 15% of sodium chloride solution. 
The beam was subjected to a four-point loading until a series of micro-/flexural cracks appeared. The beam 
was then loaded with 500,000 cycles under 154 days and subjected and continues wetted with the water. 
It could be concluded that it was no clear degradation of the flexural capacity. It could also be concluded 
that the fibre reinforcement did not show any degradation.  

Aarup (2004) explains that the low w/b ratio in the matrix includes many unhydrated cement particles. 
The cement particles react with the water that gets into the cracks and heal the cracks. The unhydrated 
cement also behaves as a barrier against carbonation and chloride penetration because there exists almost 
no free water in the pores, which results in a carbonation at an extremely low rate. The low permeability, 
because of the dense matrix which results in few capillary pores, leads to very few freezing and thawing 
problems because there is no freezable water available. Aarup (2004) did a similar test as Graybeal (2010) 
but with smaller beams and under four years. It was shown that the microcracks decreased over time due 
to the self-healing of the cracks. 

Piérard et al. (2012) did a study with an accelerated carbonation test on UHPFRC. The mixture had 2% 
in fibre content, it was produced without any advanced treatments as heat curing and had a compressive 
strength of 140-160 MPa. Conventional concrete was also tested to show the difference in required con-
crete/UHPFRC cover for a lifetime of 100 years (regarding corrosion of the steel reinforcement bars). It 
was shown that the UHPFRC only needed a concrete/UHPFRC cover of 5 mm and the conventional 
concrete required 65 mm. Piérard et al. (2012) write that the resistance to carbonation of UHPFRC is 
very high which result in that the steel fibres and the steel reinforcement are much longer protected com-
pared to in conventional concrete. Piérard et al. (2012) did also report that some of the fibres right at the 
surface can have corrosion problems, but will only have an impact on the aesthetic. 

Kim et al. (2012) worked with a project where they designed a cable-stayed bridge with UHPFRC girders. 
The project was successful where the bridge would have a lifetime of 200 years with 20% less maintenance 
and overall construction costs respectively, compared to a conventional cable-stayed bridge.  

Piotrowski & Schmidt (2012) did a LCCA where a prestressed conventional concrete bridge was compared 
with a UHPFRC bridge. The total length of the bridge was 51.6 m with four single spans. The UHPFRC 
bridge did consist of precast box-girder elements (between 10.5 and 15.7 m long). It was concluded that 
the UHPFRC bridge would have a higher initial construction cost (23% regarding both material and 
labour) but regarding the whole life-cycle cost would the UHPFRC bridge be more economically efficient 
and this is due to the better durability. It was concluded that the UHPFRC bridge would have two times 
longer lifetime (a total lifetime of 200 years) compared to the conventional concrete bridge. It was further 
concluded that the maintenance costs would be significantly low for the UHPFRC bridge and that no 
maintenance was needed in the first 100 years. 

2.1.11 Corrugated, straight and hooked-end fibres 

Wu et al. (2016) investigated what effect three different shaped fibres (corrugated, straight and hooked-
end) had on compressive strength, workability and flexural behaviour of the UHPFRC. Different fibre 
content (0%, 1%, 2% and 3%) was also studied to see the effect on the material properties.  
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The mixture 

Materials and recipe 

Wu et al. (2016) used a 42.5 Portland Cement in accordance with the Chinese standard GB/T (2007:175). 
The SF in the mixture had a specific surface area of 18,500 m2/kg and an average particle size of 0.1-0.2 
µm. River sand was used as aggregates and had a particle size of 2.36 mm. The SP used was polycarboxylate-
based from BASF and had a water reducing efficiency higher than 30% and the solid content was 20%. 

The steel fibres (straight, corrugated and hooked-end) have all a tensile strength of approximately 2800 
MPa. The fibre content varied between 0%, 1%, 2% and 3% by the volume of concrete. The diameter 
and the Lf of the steel fibres are 0.2 mm and 13 mm respectively, which result in a fibre aspect ratio of 65.  

The w/b ratio (0.18) and the SP (2% by the mass of the cementitious material) was kept constant for all 
the mixtures. The mixture proportions of the UHPC/UHPFRC mixtures are described in Table 2-22. 

Table 2-22. Mixture proportions of UHPC. A0 is without steel fibres, A1-3 are straight, B1-3 
are corrugated and C1-C3 are hooked-end fibres (Wu et al., 2016). 

 

Mixing process, technology and curing 

Cement, SF and sand were first mixed at high speed for 3 minutes. The mixture was then mixed at low 
speed for 6 minutes when SP and water were added. The steel fibres were added in the last step through 
passing a sieve with the size of 5 mm. The mixture was then mixed another 6 minutes to get the fibres 
homogeneously distributed. 

The mixtures were cast in two layers in molds with the dimensions 40 x 40 x 160 mm3. To let the mixtures 
to consolidate, the specimens were vibrated 60 times between each layer was cast. The specimens were 
then cured in a room for 24 hours where the temperature was 20 °C before demolded. To avoid loss of 
moisture, all the specimens were covered with plastic sheets. The specimens were then placed in saturated 
lime water that had a temperature of 20 °C. They were cured until they had a designed age of 3, 7, 28 and 
90 days. 

Tests and results 

Workability 

The workability test was performed complying with the Chinese standard GB/T (2005:2419) where a 
mini cone mold was used. The mixture was cast into the mold that was placed on a jolting plate that could 
be jolted and lifted vertically. The mold was first jolted/lifted 25 times before the mold was removed. The 
diameter was measured from two slumps that were placed perpendicular to each other and a mean value 
was noted (Wu et al., 2016). 

The results for the varying contents of fibres are described in Figure 2-23, which indicate that the worka-
bility decreases with higher fibre content (Wu et al., 2016; Yu et al., 2014). It can be because of the shape 
of the fibres, which are more extended compared with aggregates. It can also be because of the cohesive 
forces between the fibres and matrix that are increased due to the larger surface area of the fibres (Yu et 
al., 2014). It can be seen from Figure 2-23 that the shape affects the flowability, straight fibres have less 
decrease in flowability and hooked-end have the most decrease (Wu et al., 2016). Gesoglu et al. (2016) 
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agree with Wu et al. (2016), where higher SP dosage was used by Gesoglu et al. (2016) for the mixtures 
with hooked-end fibres to keep the same workability as with straight fibres. Hooked-end fibres have higher 
friction between them and the aggregates compared with straight fibres, which result in less flowability. 
The shape of the hooked-end fibres also makes them hook into each other (Yu et al., 2014). 

 

Figure 2-23. Comparing flowability against steel fibre content and fibre type (Wu et al., 2016). 

Compressive strength 

A loading rate of 2.4 kN/s was used for the compressive test. An average of six broken samples from each 
batch from the flexural testing was used. 

Figure 2-24 shows the result for straight steel fibres with different fibre content and age. It can be seen 
that a higher fibre content provides a higher strength (Wu et al., 2016), that corresponds to the results 
from the study by Su et al. (2017), see Chapter 2.1.12. 

 

Figure 2-24. Compressive strength for mixtures with straight steel fibres with different fibre 
content and age (Wu et al., 2016).  

The compressive strength at 28 days for the different fibre types and fibre contents are described in Figure 
2-25. The hooked-end fibres had the highest compressive strength and the straight the lowest, which can 
be explained by different bonding strength with the different shapes of the fibres (Wu et al., 2016). Ges-
oglu et al. (2016) on the other hand, showed that straight fibres had higher compressive strength compared 
to hooked-end fibres. It was discovered that the straight fibres had a more regular and systematic distribu-
tion compared to hooked-end fibres. 
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Figure 2-25. Compressive strength for different fibre types at 28 days for different fibre content 
(Wu et al., 2016). 

Flexural strength and behaviour 

The flexural test was performed with a three-point bending test with a span of 100 mm. The load rate for 
the MTS testing machine was set to 0.2 mm/min with a load cell of 20,000 kN. 

The flexural strength was highest for the hooked-end fibres and smallest for the straight fibres, as described 
in Figure 2-26, due to different bond strength with a different shape. The bond strength between the fibres 
and the matrix is mostly provided by chemical bond, mechanical strength from the fibre-end and friction 
(Wu et al., 2016).  

 

Figure 2-26. Flexural strength for different fibre types at 28 days for different fibre content 
(Wu et al., 2016). 

The steel fibre content had a little influence on first crack strength, see Table 2-23. Yoo et al. (2014) 
describe the low influence from the steel fibres before pre-cracking by the matrix from UHPFRC that take 
the first cracking stresses. The fibres, on the other hand, had an effect on the post-cracking and a higher 
fibre content showed a higher peak strength (Wu et al., 2016). 

Table 2-23. Flexural behaviour for UHPC at 28 days with and without steel fibres (Wu et al., 
2016). 
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Only the fibres sustained the load after the first cracking trough friction and interlocking (Wu et al., 2016), 
which is described in Figure 2-27. The mixture without fibres (A0) had an instant drop after the first crack, 
but the mixtures with fibres could carry the load after their peak, which corresponds to the result from Su 
et al. (2017), see Chapter 2.1.12. 

 

Figure 2-27. Load-deflection curve for straight steel fibres (A1-3) and UHPC without fibres (A0) 
fibres (Wu et al., 2016). 

The hooked-end fibres had the highest peak strength and peak deflection compared to the straight fibres 
that had the lowest (Wu et al., 2016). 

2.1.12 Nanoscale materials with twisted, waved and straight fibres 

Su et al. (2017) did a study to see how nanoscale materials and steel fibres affected the performance of 
UHPFRC. The nanoscale materials were used to reduce the cement factor to produce a more environ-
mentally friendly UHPFRC and improve the material properties. 

Bending tests were performed on small beams but also on beams with dimensions of 200 x 200 x 2500 
mm3, based on the best performed recipes from the tests on the small ones. The only topic that will be 
presented about the larger beams are the results. That is because the dimensions are too big for the labor-
atory work that later will be performed based on this literature review. The preparation of the larger beams 
is therefore not described. 

The fracture energy and how it was calculated by Su et al. (2017) will be presented and discussed in the 
last chapter. The work regarding fracture energy by Roesler et al. (2008) and Xu & Wille (2015) will also 
be discussed to see how the fracture energy is calculated and defined by different authors. 

The mixture 

Materials and recipe 

The cement that was used in all mixes corresponded to the Chinese standard GB (2007:175) (Qing et al. 
2007) and was type sulphate resisting cement (42.5 Grade). Su et al. (2017) used natural sand as aggregates 
and the size was in the range 0.16 to 2.5 mm with a specific gravity of 2.58 g/cm3. The nano-particles was 
used with different dosages in mixes and the types were Nano-CaCO3, Nano-SiO2, Nano-Al2O3 and Nano-
TiO2. 

Three different types of steel fibres were used and the mechanical properties are described in Table 2-24. 
The fibres were used separately and the volume fraction varied between 1.0% and 2.5%. The dosage of 
twisted fibres (TF) was 1.0% and 2.0%, the dosage of waved fibres (WF) and micro fibres (MF) was 1.0%, 
2.5% and 2.5%. 



 40 

Table 2-24. Material properties of steel fibres (Su et al., 2017). 

 

The w/b ratio (0.163), the weight of aggregates (40% by weight), the content of SF, silica flour and the 
binder was constant for all mixtures. The proportion of the UHPC/UHPFRC mixtures are described in 
Table 2-25. A total of five series of mixtures were made, four with fibres and nano material and one 
without (“Plain”/”Ref”). 

Table 2-25. Proportion of the UHPC mixture (unit: kg/m3) (Su et al., 2017). 

 

Mixing process, technology and curing 

The mixing process started with mixing all dry materials for 5 minutes. 70% of the water was then added 
and mixed another 3 minutes. The SP was added and then the rest of the water before the mixing contin-
ued for another 5 minutes. The fibres were then manually dispersed into the mixer. Slump tests were 
performed to guarantee consistency of the concrete. 

Su et al. (2017) made 68 cubic specimens (100 mm) for compressive tests and 29 beam specimens (100 x 
100 x 400 mm3) for flexural tests. The specimens were cured for 24 hours in a humid room that had a 
temperature of 20±5 °C. The specimens were then cured in a 90 °C water for 48 hours, after being 
demolded, and then in the humid room until they were tested. All the surfaces were made smooth and 
straight leveled before testing. 

Tests and results 

Workability 

Su et al. (2017) performed the slump tests according to GB/T (1981:2419) but the values were not re-
ported. 

Compressive strength 

The results from the compressive strength are described in Table 2-26. The test was performed with a 
quasi-static compressive test with a continuous loading rate (0.2 mm/min) until failure (Su et al., 2017). 
The testing procedure was performed in accordance with the Chinese standard GB/T (2002:50081). 
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Table 2-26. Compressive strength in MPa for the different mixtures (Su et al., 2017). 

 

It can be seen from Table 2-26 that a higher volume of fibres results in higher compressive strength. It can 
also be seen from Table 2-26 that a higher aspect ratio results in higher compressive strength when com-
paring MF06 and MF12, that had the same volume content. The crack control ability was also improved 
with a higher volume of fibres. The fibres can bridge over the cracks and retard crack extension which 
results in higher ductility (Su et al., 2017).  

Flexural strength 

The flexural test was performed with a four-point bending loading arrangement. The two point loads had 
a spacing of 100 mm and the metallic rollers that was acting support had a spacing of 300 mm according 
to Su et al. (2017). This test was also performed in accordance with GB/T (2002:50081). A displacement 
control provided the constant rate of 0.2 mm/min. LVDTs measured the midspan deflection and a strain 
gauge was applied along the depth to be able to evaluate the curvature.  

The results from the test are presented in Table 2-27. 

Table 2-27. Flexural strength in MPa for the different mixtures (Su et al., 2017). 

 

Table 2-27 shows that all fibre types had a positive impact on the flexural strength except for the waved 
fibres with a 1.0% volume content. The waved fibres with 1.0% volume content had to low tensile strength 
and could not provide a bridge affect when the cracks had started to develop. The same pattern for MF06 
and MF12 can be noted for the material properties in the aspect of strength. A higher fibre aspect ratio 
results in higher flexural strength (Su et al., 2017). 

It was shown from a load-deflection curve (Figure 2-28) that UHPC without fibres had a brittle failure 
when the first crack in the midspan started to develop. The specimen had an instant drop in load capacity 
when the crack propagated towards the upper surface. The specimens with twisted fibres and micro fibres, 
on the other hand, were still load carrying after the first crack was created. The load carrying capacity was 
decreased gradually when the midspan deflection increased because of the fibres that were pulled out from 
the matrix. The steel fibres were pulled out when the carried load was larger than the bond strength 
between the steel fibres and the matrix. The micro fibres showed the best ductility and preserved load 
capacity even after 45 mm deflection, which was better than for twisted fibres (Figure 2-29). The ductility 
was better with micro fibres because of better bonding, which was a result of higher aspect ratio (Su et al., 
2017). It should be noted that the large difference in load capacity and midspan deflection in Figure 2-28 
and Figure 2-29 are because of the different size of the beams. The beam tested in Figure 2-28 had a 
dimension of 100 x 100 x 400 mm3 and the beam in Figure 2-29 had a dimension of 200 x 200 x 2500 
mm3. 
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Figure 2-28. Load-deflection curve for mixture without fibres (Reference) and mixtures with dif-
ferent fibre contents and nanoscale materials (Su et al., 2017). 

 

 

Figure 2-29. Load-deflection curve for UHPC with twisted fibres and micro fibres (Su et al., 
2017). 

Fracture energy 

Su et al. (2017) showed that the fracture energy was increased with higher fibre content, which was ex-
plained by the fibre bridging effect who delayed the crack growth. The fracture energy was calculated 
according to Hillerborg (1985), which includes the whole area enclosed by the stress-deflection curve. The 
fracture energy presented by Roesler et al. (2008) was also calculated according to Hillerborg (1985). This 
fracture energy is defined as the total fracture energy according to Roesler et al. (2008) and Xu & Wille 
(2015). Both Roesler et al. (2008) and Xu & Wille (2015) divides the total fracture energy into different 
regions. Roesler et al. (2008) define the stress-crack opening curve with one initial fracture energy and 
total fracture energy. Xu & Wille (2015) calculated the fracture energy (area under the curve) from a tensile 
test and divided the total fracture energy into two parts, which are described in Figure 2-30. Gf,A is the 
fracture energy during strain hardening up to the peak stress and Gf,B is the fracture energy during strain 
softening to the tensile stress is zero. 
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Figure 2-30. Tensile stress-crack opening curve (Xu & Wille, 2015). 

2.1.13 Relationship of rheological behaviour, different fibre contents and their distribution 

Wang et al. (2017) did a study to see the relationship of rheological behaviour with four different fibre 
contents (0%, 1%, 2% and 3%). The flowability and the distribution of the fibres at different fibre con-
tents, SP contents and w/b ratios were studied.  

The mixture 

Materials and recipe 

The cement used in the study was complying with GB/T (2007:175) and were Ordinary Portland Cement 
(P O 42.5). The SF that was used had more than 96% SiO2, which is in accordance with GB/T 
(2007:21236) and corresponds to ASTM C 1240-15 (2015), according to Wang et al. (2017). The SF was 
used as a fine mineral admixture and had a specific surface area of 1.5 x 104 m2/kg. The aggregates con-
sisted of quartz sand with a particle size of 360-600 µm (80% coarse) and 180-360 µm (20% fine). The SP 
that was used was polycarboxylate based with water reduction range higher than 30% and the dense con-
tent was around 40%. 

The straight steel fibres that were used was copper coated with a yield strength of 2850 MPa and the 
different dosages were 0%, 1%, 2% and 3%. The Lf was 13 mm long and had a diameter of 0.2 mm, which 
resulted in an aspect ratio of 65. 

The mass ratio of cement, SF and quartz sand were constant for the mixtures. Four different w/b ratios 
were varying with different SP contents and fibre contents. The proportions of the different mixtures are 
presented in Table 2-28. 48 mixtures were produced for fibre distribution test and 16 without steel fibres 
for the rheological performance test. 

Table 2-28. Mixing proportions (Wang et al., 2017). 
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Mixing process, technology and curing 

A planetary mixer was used for the mixing process, due to the sensitivity of UHPC at fresh state when 
mixing. The mixture was first dried-mixed for 180 seconds at a low speed of 140±5 rpm with cement, 
quartz sand and SF. 50% of the water and SP were then poured in the mixture and the mixing proceeded 
for 60 seconds. The other 50% was then added and the mixing proceeded for another 60 seconds. The 
mixing proceeded for 180 seconds at low speed and the steel fibres were then uniformly added in the 
mixer. The speed was change to 285±5 rpm and the mixture was mixed one last time for 180 seconds. 

The mixtures for determining fibre distribution were cast in 70.7 x 70.7 x 70.7 mm3 plastic molds. The 
molds were then vibrated for 90 seconds to consolidate the mixtures (Wang et al., 2017). The molds were 
also vibrated to avoid different ways of formation of the fibre distribution. Different types of compaction 
can have a positive or a negative influence on the fibre distribution. Table vibration has a positive impact 
on prims, due to the tendency that the fibres are being oriented horizontally. On the other hand, too 
extensive vibration can cause segregation of the fibres. Using internal vibration can result in a much lower 
concentration of fibres in the middle of the section (Gettu, 2005).  

The molds were placed in room temperature and covered with polythene sheets to prevent water loss from 
the mixtures. The molds were then disassembled after 24 hours and the specimens were placed in a steam 
curing chamber for 72 hours at a temperature of 90 °C. The specimens were then placed in a standard 
curing room with a temperature of 22±3 °C and 90% RH until the tests were performed. 

Tests and results 

Flowability and rheological properties 

The flowability test for cement mortar was done in accordance with GB/T (2005:2419) and was performed 
in the following way, according to Wang et al. (2017): “After finishing the mixing procedure, the mixture 
was poured into a metal cone mold, which was placed at the center of a jolting table, in two layers. A 
tamping rod was used to tamp each layer 15 times to ensure that the mold was uniformly filled. Then, the 
cone was carefully lifted vertically upwards, and the mixture on the jumping table was dropped 25 times. 
Finally, two diameters vertical to each other were measured and the flowability was determined by the 
recording of mean value”. 

The results of the flowability test without steel fibres are presented in Figure 2-31 where the w/b ratio and 
the SP content are varied. It can be seen in Figure 2-31 that a higher w/b ratio and higher SP content 
result in higher flowability. The lower w/b ratios needed more SP to increase the flowability, but the 
flowability was only minimal increased with higher dosages compared to mixtures with higher w/b ratio 
(Wang et al., 2017). The flowability for mixtures with higher w/b ratio is more affected by the SP than 
mixtures with low w/b ratio (Yamada et al., 2000). 
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Figure 2-31. Flowability for different mixtures with varied w/b ratio and SP content (Wang et 
al., 2017). 

The rheological parameters that were measured were yield stress and plastic viscosity and this was done 
with a RheoCAD400 rheometer. It was clearly shown that the yield stress was decreased when the SP 
dosages were increased and the w/b ratio was kept constant for the different mixtures. The SP dosages 
had a higher effect on the yield stress for the mixtures with a w/b ratio of 0.24, 0.22 and 0.20 but had a 
limited impact on the mixture with 0.18. It was also shown that the yield stress was increased when the 
SP dosages were constant and the w/b ratio decreased. The plastic viscosity was increased with a lower 
w/b ratio, but the SP dosages had minimal effect on the plastic viscosity when the w/b ratio was kept 
constant (Wang et al., 2017). 

Fibre distribution 

The evaluations of the fibre distribution started with cutting the specimens into three slices parallel to the 
casting direction. Pictures were then taken and the cross-section was divided into seven pieces, as described 
in Figure 2-32. 

 

Figure 2-32. The fibre distribution of the seven divided pieces from the picture taken. 1 is the 
top and 7 is the bottom. The white parts are the fibres and the black is the mixture (Wang et 
al., 2017). 

The area of the fibre content of each piece (see Figure 2-32) was then calculated for different w/b ratios 
and SP contents. The results are described in Figure 2-33. It was shown for w/b ratio 0.18 that the distri-
bution by the depth is varying depending on the fibre content. The fibres at lower fibre contents were less 
fluctuate when comparing the different levels of the cross-section compared when a higher fibre content 
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was used. This can be because of the fibres are easier gathered in the mixing process due to lower mobility 
in lower w/b ratio mixtures. The area content differed for w/b ratio 0.20. It can be seen that the area 
content is lower at the casting surface compared to the bottom when the SP dosages are increased, which 
clearly are shown for the w/b ratios 0.22 and 0.24 where it is lower segregation at lower SP dosages but 
larger segregation at higher SP dosages (Wang et al., 2017). Higher SP dosages give a good flowability and 
it is favourable for the dispersion of fibres during the mixing. The increased flowability from higher dos-
ages of SP also results in a negative effect on the distribution of the fibres because of the segregation when 
the mixture is cast (Wang et al., 2017; Ozyurt et al., 2007). 

 

Figure 2-33. Fibre distribution for different pieces with varied w/b ratio, SP content and fibre 
content (Wang et al., 2017). 

A distribution coefficient was also calculated by Wang et al. (2017) and the results are presented in Figure 
2-34. The fibres are completely homogeneous distributed along the depth when the coefficient is equal to 
1 and the fibres are more inhomogeneous distributed when the value is closer to 0. The distribution is 
more stable and higher at different SP content for the lower w/b ratios (0.18 and 0.20), especially for the 
mixtures with higher fibre content. The distribution was better for the mixtures with higher fibre content 
at w/b ratio 0.18 when the SP content was low (1.4%, 1.6% and 1.8%). The distribution was also better 
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at almost all SP contents (except 1.4%) for the higher fibre contents when the w/b ratio was kept at 0.20. 
It can be seen in Figure 2-34 that the segregation is higher for all fibre contents when the SP content is 
increased to higher dosages at the w/b ratios 0.22 and 0.24. On the other hand, the segregations are less 
for the higher fibre contents (Wang et al., 2017). 

 

Figure 2-34. Fibre distribution coefficient for varied w/b ratio, SP content and fibre content 
(Wang et al., 2017). 

2.1.14 Mechanical properties of UHPFRC with straight and twisted steel fibres with differ-
ent dimensions of tested prisms 

Yoo & Banthia (2017b) did a study to see the mechanical properties of UHPFRC with straight steel fibres 
(two different fibre aspect ratios) and twisted steel fibres. The steel fibre dosage was kept constant at 2%. 
The main mechanical properties described were flexural behaviour and strength and compressive strength. 
Both static and impact tests were performed to see the flexural behaviour, but only the static test will be 
described. Three different prisms dimensions were used for the flexural tests to know the difference in 
strength when the dimensions varied. Image analyses also evaluated the number of fibres per unit area. 
Workability tests were performed, but they are only described shortly by Yoo & Banthia (2017b). The 
results for the compressive strength will shortly be compared to the study by Su et al. (2016). Su et al. 
(2016) did also investigate the mechanical properties for UHPFRC with twisted and straight steel fibres. 

The mixture 

Materials and recipe 

The used Portland Cement, Type 1, mainly consisted of Calcium oxide (CaO) (61.3%) and SiO2 (21.0%) 
and had a specific surface area of 3413 cm2/g. The other cementitious material used was SF that had a 
specific surface area of 200,000 cm2/g. The SF consisted of very fine particles (SiO2, 96%). The composi-
tions and physical properties of the cementitious materials are described in Table 2-29. SS was used as fine 
aggregate and silica flour was used as a filler (Yoo & Banthia, 2017). Coarse aggregates can have a negative 
effect on the tensile or flexural properties of UHPFRC according to Collepardi et al. (1997) and were 
therefore not used by Yoo & Banthia (2017b). 
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Table 2-29. Cement and SF compositions and physical properties (Yoo & Banthia, 2017b). 

 

Two type of straight steel fibres were used with different fibre aspect ratios and one type of twisted fibres. 
The straight steel fibres had a Lf of 13 mm and 30 mm with a diameter of 0.2 mm and 0.3 mm respectively. 
The twisted steel fibres had a Lf of 30 mm with a diameter of 0.3 mm. The steel fibre types were always 
used separately and with a constant fibre dosage of 2%. The fibre properties are presented in Table 2-30. 

Table 2-30. Properties for straight (ST) and twisted (TW) steel fibres (Yoo & Banthia, 2017b). 

 

A w/b ratio of 0.2 was used and 2% SP (by cement weight). The density of the SP was 1.06 g/cm3 and was 
used to provide good workability which is essential to achieve good fibre orientation and dispersion (Yoo 
& Banthia, 2017b). The mixture recipe is described in Table 2-31. 

Table 2-31. Mixture proportions (Yoo & Banthia, 2017b). 

 

Mixing process, technology and curing 

Yoo & Banthia (2017b) used a 120-litre pan mixer and performed the mixing process accordingly to Yoo 
et al. (2015). All dry materials (cement, SF, SS and silica flour) were first mixed for 10 minutes. SP and 
water, which had been premixed, were then poured in the mixer and the mixing proceeded for 10 minutes. 
The fibres were then added when the mixture was workable and the paste was mixed for a final 5 minutes. 

The mixture was cast into molds. Nine cylinders, three for each fibre type, with the dimension 100 x 200 
mm2 were made for the compressive test. Three different prisms were cast for the other tests and the 
dimensions are described in Figure 2-35. Yoo & Banthia (2017b) did always pour the mixture in one end 
of the prisms to make the mixture flow. The molds were placed in room temperature and covered with 
plastic sheets directly after casting. They were then demolded after 48 hours and the specimens were heat 
cured with steam for three days at a temperature of 90±2 °C. Lastly, the specimens were placed in the 
laboratory at room temperature until testing (Yoo et al., 2015). 
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Figure 2-35. Dimensions of the prisms in mm. (a) small-size, (b) medium-size, (c) large-size (Yoo 
& Banthia, 2017b). 

Tests and results 

Workability 

Flowability tests were performed by Yoo & Banthia (2017b) directly after the mixing had ended and the 
flow values of the mixtures were measured accordingly by ASTM C 1437-13 (2013). “25 times drop of a 
flow table within a period of 15 s” was done by Yoo & Banthia (2017b) and a value of around 240 mm 
was achieved for all mixtures. No fibre separation could be seen from the cement while testing the flowa-
bility. 

Compressive strength and modulus of elasticity 

The compressive strength test was performed complying with ASTM C 39/C 39M-14 (2014) with a UTM. 
The highest load capacity for the UTM was 3,000 kN. A compressometer installed with three LVDTs was 
used to evaluate the average compressive strain. The modulus of elasticity was then calculated according 
to ASTM C 469/C 469M-14 (2014). The top surface was grinded with a diamond blade to get an evenly 
applied load on the surface of the specimens (Yoo & Banthia, 2017b). 

The results from the compressive strength test and the calculated modulus of elasticity are described in 
Table 2-32. All the specimens achieved a compressive strength higher than 150 MPa. The specimens had 
linear stress-strain curves up to the compressive strength. It can be seen in Table 2-32 that a higher fibre 
aspect ratio did not increase the compressive strength. Twisted fibres had the highest compressive strength 
and the shorter straight fibres had higher compressive strength than the longer. 

Table 2-32. Compressive strength, strain capacity and modulus of elasticity for the different fibre 
types (Yoo & Banthia, 2017b). 

 

The material properties of the fibres in the study by Su et al. (2016) are described in Table 2-33. 

Table 2-33. Properties for straight micro steel fibres and twisted steel fibres (Su et al., 2016) 
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The results from the compressive strength test by Su et al. (2016) are described in Table 2-34. It can be 
seen from Table 2-33 and Table 2-34 that higher aspect ratio has an effect in the study by Su et al. (2016). 
TF03 had higher strength than TF05 and this can be explained by that TF03 have a smaller diameter than 
TF05 which result in more fibres at the same fibre content. More fibres result in better cracking resistance 
and improve the compressive strength (Su et al., 2016), and this can also explain why the specimen with 
ST-65 had higher strength than ST-100 in the study by Yoo & Banthia (2017b). The specimens with MF15 
had higher strength than the ones with MF06, which can be seen in Table 2-34. It is explained by the 
shorter fibres control the microcracks better due to better dispersion of small fibres. The longer fibres, on 
the other hand, can control the larger cracks better which result in higher compressive strength, according 
to Su et al. (2016). 

Table 2-34. Compressive strength (Su et al., 2016). 

 

Flexural strength and behaviour, fibres per unit area and size effects on the flexural strength 

The three different size prisms were tested with a four-point static loading test. The load was applied by 
the UTM (the one that was used for the compressive test) with a loading rate of 0.4 mm/min. The clear 
span lengths for the different prisms were 150, 300 and 450 mm, which means that 50 mm were outside 
the supports on each side. Two LVDTs were used at the centre of the prisms to measure the midspan 
deflection. The prims were loaded “until a normalized deflection, d/L, reached 0.02, where d is the mid-
span deflection and L is the clear span length”, according to Yoo & Banthia (2017b). 

The specimens with ST-100 and TW-100 showed better flexural behaviour and strength compared to ST-
65 which can be seen in Figure 2-36 and Figure 2-38. It is due to the higher bonding area between the 
fibres and matrix for the fibres with a higher aspect ratio which caused higher pullout resistance. On the 
other hand, 5.2 times more ST-65 than ST-100 were included in the mixture due to the lower fibre size of 
ST-65. But the cross-sectional images showed that the largest difference between the fibres per unit was 
only 91% between ST-65 and ST-100 which is presented in Figure 2-37, which resulted in better post-
cracking fibre bridging capacity for ST-100 due to higher bond area. It should be noted that the cross-
sectional images were taken in the middle of the specimens and on the lower half, i.e. at the tensile zone 
(Yoo & Banthia, 2017b). 

 

Figure 2-36. Flexural stress-normalized deflection curve with different fibres types; (a) small-sized 
beam, (b) medium-sized beam, (c) large-sized beam (Yoo & Banthia, 2017b). 
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Figure 2-37. Fibres per unit area for the different fibre types and specimen sizes. The values are 
based on the small specimen with ST-65 (Yoo & Banthia, 2017b). 

The different specimen sizes had an effect on the flexural strength, see Figure 2-38 (Yoo & Banthia, 
2017b). Yoo et al. (2016) showed that the size affects the strength due to the distribution of fibres and due 
to different flow-velocity profiles in different specimen sizes. The different distribution is supported by the 
results from cross-sectional images (Figure 2-37) which shows a lower number of fibres per unit area. Lower 
amount fibres result in less fibre bridging capacity and this leads to less strength according to Yoo & 
Banthia (2017b). 

 

Figure 2-38. Flexural strength for different fibres at different specimen sizes (Yoo & Banthia, 
2017b). 

2.1.15 Mechanical properties for UHPFRC with straight steel fibres and casting methods 

Yu et al. (2017) did a study with two main aims. The first one was to investigate the optimized UHPFRC 
matrix and was done with a modified Andreasen & Andersen particle packing model (Funk & Dinger, 
1994; Brouwers & Radix, 2005) with replacement materials (industry by-products) for some amount of 
the cement volume. The mechanical properties of the mixtures that had replacement materials were then 
compared with the one with only cement. The other aim was to evaluate the fibre distribution from two 
different casting methods. 

The workability, casting methods and flexural strength was only described for the mixture with cement 
and FA. The study did also describe that the mixture with cement and FA had the highest compressive 
strength. Here are only the mechanical properties of the mixture with cement and FA presented. 
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Two other articles will be presented at the end of this chapter. The two articles will only be described 
shortly regarding the aspects of fibre distribution when casting the mixtures. It has been done to comple-
ment with some more information about the casting technique and to gather the information about this 
subject in one place in the literature review. 

The mixture 

Materials and recipe 

Ordinary Portland Cement (52.5) and a SP based on polycarboxylic ether were used in this study. The 
industry by-products that were used as replacement materials were FA, GGBS and silica particles (S-P) in 
slurry. The filler used was limestone powder (LP) and the different sands were micro sand, sand (0-0.6), 
sand (0.6-1.25) and sand (0-2). The composition of the powder materials is described in Table 2-35 and 
the density with pozzolanic activity index are described in Table 2-36.  

Table 2-35. The composition of the powder materials (Yu et al., 2017). 

 

 

Table 2-36. Density and pozzolanic activity index for the used materials (Yu et al., 2017). 

 

The straight steel fibres that were used had a diameter of 0.2 mm and a Lf of 13 mm. 

The mix design was developed with a modified Andreasen and Andersen model (Funk & Dinger 1994; 
Brouwers & Radix, 2005). The recipe design is presented in Table 2-37 and this is the mixture that will 
be used to test the mechanical properties that will be described from now on.  
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Table 2-37. Mixture recipe (kg/m3 concrete) (Yu et al., 2017). 

 

Mixing process, technology and curing 

The dry materials were first mixed for 30 seconds at low speed. 75% (by mass) of water was then progres-
sively poured into the mixer while the mixing proceeded and the mixer was then stopped for 30 seconds. 
The SP, steel fibres and rest of the water were added and the mixing continued for 180 seconds at low 
speed. The last 120 seconds of mixing was then performed at high speed. The mixtures were then cast 
into molds in two different ways: controlled or random. The procedure and the result of the two different 
methods are described the subchapter Casting methods and flexural strength below. Three specimens for each 
test were made for the specific age and the fibre content that should be tested. The specimens were 
demolded after 24 hours and then cured in water with a temperature of 21 °C until testing. 

Tests and results 

Workability 

The workability test was performed in accordance with BS-EN 1015-3 (2007). The test was done accord-
ingly by Yu et al. (2017): “the cone is lifted straight upwards, and no jolting is executed. Then, two diam-
eters perpendicular to each other are measured and recorded, and their mean is treated as the slump flow 
value of the designed UHPFRC”. The results from the test are described in Figure 2-39. It can be seen 
that the workability is decreased with higher fibre content and the decrease is drastically between 2.0 and 
2.5% compared between the other fibre volumes (Yu et al., 2017). 

 

Figure 2-39. Flowability for different fibre contents (Yu et al., 2017). 

Casting methods and flexural strength 

Yu et al. (2017) describe two methods that were compared: controlled casting that provides a flowing 
process of the mixture and random casting without flowing process. The two methods are described in 
Figure 2-40.  
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Figure 2-40. Controlled and random casting method (Yu et al., 2017). 

The controlled casting method resulted in higher flexural strength according to Yu et al. (2017), see Figure 
2-41, which also corresponds to the results from Yoo et al. (2016). The higher flexural strength when using 
the controlled method can depend on the fibre orientation that the flow direction provides. The steel 
fibres can easier resist the cracks generation and expansion when they are aligned perpendicular to the 
flexural force direction, which results in higher flexural strength (Yu et al., 2017). 

The flexural strength test was performed by Yu et al. (2017) on prims (40 x 40 x 160 mm3) that complied 
with BS-EN 196-1 (2005). Yu et al. (2017) did also cut the specimens into four pieces (40 x 40 x 40 mm3). 
The average fibre diameter was then evaluated from cross-sections by an image analysis tool and it was 
possible to see how the fibres were aligned. The analysis for controlled casting showed that the fibres were 
aligned along the length of the prisms in the middle, which explains the high flexural strength. The fibres 
in the beginning and end, on the other hand, were relatively discorded and can depend on the wall effect 
(Yu et al., 2017).  

 

Figure 2-41. Flexural strength at different fibre contents with different casting method (Yu et 
al., 2017). 
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Compressive strength 

The compressive strength test was performed according to BS-EN 196-1 (2005). The steel fibre content 
that was used was 2.0% and the results showed a compressive strength of about 160 MPa at 28 days. It 
should be noted that the pozzolanic reaction of FA usually begins at the age of three days and the poz-
zolanic reaction is much slower compared to cement. On the other hand, the FA can improve the me-
chanical properties due to the new generated calcium silicate hydrate, but it takes time (Yu et al., 2017). 

Other articles about fibre distribution when casting 

Fibre distribution and mechanical properties while casting UHPFRC in panels 

Yoo et al. (2015) did a study with three different Lf of straight steel fibres. The UHPFRC were cast in 
panels with 48 mm in thickness and 420 mm in diameter. The casting was performed in two ways, at the 
centre or at the corner, which can be seen in Figure 2-42. 

 

Figure 2-42. Top picture: UHPFRC placed in the corner. Bottom picture: UHPFRC placed in 
the corner (Yoo et al., 2015). 

The tests showed that a higher biaxial strength was achieved when the concrete was placed in the centre 
compared to when the concrete was placed at the corner. The test also showed that the concrete placed at 
centre had better fibre orientation and more steel fibres in the parts with higher moment which resulted 
in higher load carrying capacity (Yoo et al., 2015). 

Fibre distribution while casting UHPFRC beams 

Zhou & Uchida (2017) did a study to the see the fibre distribution of UHPFRC cast in beams, slabs and 
walls. Here will only the result for the beams be presented. Zhou & Uchida (2017) used straight steel 
fibres that had a diameter of 0.2 mm and a Lf of 15 mm. 

Two beam specimens were cast with the dimensions 100 x 100 x 400 mm3 and 100 x 100 x 1000 mm3. 
The mixtures were casted from one end of the mold and the following observations were made by Zhou 
& Uchida (2017): “When a beam specimen is cast from one end of a mold, it is generally considered that 
concrete flows in the longitudinal direction and fibers are horizontally oriented. However, observation of 
fiber orientation in beam specimens indicated that concrete flows upward from the bottom rather than 
in the longitudinal direction, thereby causing fibers to be almost vertically oriented rather than horizon-
tally”. 

Zhou & Uchida (2017) could also see that the fibres in the bottom were aligned in the longitudinal direc-
tion, i.e. in the tensile part of the beam. 



 56 

The specimens used by Zhou & Uchida (2017) are relatively larger than the specimens Yu et al. (2017) 
used. Yoo et al. (2016) showed that the orientation of the fibres was better in smaller beams compared to 
larger beams when the mixture was cast from one end. 

2.1.16 Conclusions of literature review 

In this literature review, have been identified the steps of production of UHPFRC required to cast speci-
mens and test the mechanical performances. The conclusions are formulated so that they answer the 
sought objectives separately, which are: 

1. Different types of steel fibres, fibre contents, Lf, and aspect ratios used in UHPFRC mixtures. The 
parameters are considered to see how it affect the material properties, e.g. workability, compres-
sive strength, modulus of elasticity, flexural strength, tensile strength and fracture energy. The 
workability of the fresh mixture should be acceptable. When using ASTM C 230/ C 230M-03 
(2003) is the maximum slump value 250 mm and a slump value close to that is considered as an 
acceptable workability.  
 

2. Different mixing technologies, mixture recipes, casting and curing processes will be studied to ob-
tain a recipe and a workflow that can be performed in the field or precast plant without any 
advanced treatment, e.g. heat curing and extensive vibration. The mixing technology that is 
sought is mixing with a conventional mixer, which is a mixer with single speed according to Wille 
et al. (2011a). It is sought because it should be easy as possible to replicate the mixing process. 
 

3. Recipes that provide at least 150 MPa in compressive strength and flexural strength greater than 25 
MPa after 28 days. The 150 MPa in compressive strength is sought to answer the requirement 
from AFGC (2013). 

  
4. The compressive strength should at least be 80-90 MPa after the first three days, which is important 

due to save time when the laboratory work is performed based on this review. The specimens will 
be tested after three days to see if the recipe that has been chosen indicates that the recipe can be 
classified as a UHPFRC mixture. If that is not the case, modifications of the recipe can be done 
and new specimens can be made. 
 

5. Four recipes that answer all the objectives, or some of them, are sought. They are then evaluated 
and the one that matches the objectives best will then be used, or some part of it, for the laboratory 
work. 
 

6. The standards that have been used for tests of mechanical properties in the literature are investi-
gated. It is done to be able to replicate the test as detailed as possible. 
 

7. How the fibres affect the durability of UHPFRC. The fibres should contribute to the mechanical 
properties and therefore do not bring any disadvantages during the lifetime of UHPFRC con-
structions. An overview of the durability of UHPFRC is also investigated, e.g. freezing and thaw-
ing resistance, lifetime and required UHPFRC cover. 

Mixing process, materials, proportions and curing 

The most used SP from the reviewed literature is polycarboxylate based (Yang et al., 2009; Yoo et al., 2013; 
Abbas et al., 2015; Wu et al., 2016; Wang et al., 2017). 

The proportions of SP differ between 1.4-7.5 % by mass of cement or binder (Wille et al., 2011a; Wille et 
al., 2012; Máca et al., 2013; Yoo et al., 2013; Yu et al., 2014; Abbas et al., 2015; Wu et al., 2016; Su et al., 
2017; Wang et al., 2017; Yoo & Banthia, 2017b; Yu et al., 2017). 
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The lowest and the highest used w/b ratio (mixture used for strength tests, e.g. compressive and flexural 
strength) from the reviewed literature was 0.15 (Yang et al., 2009) and 0.23 (Yu et al., 2014) respectively. 

The most used steel fibre type is short straight fibres and can be explained by a good trade-off between 
tensile behaviour and workability, according to Máca et al. (2013). The short straight steel fibres used the 
most has a Lf of 13 mm and a diameter of 0.15-0.2 mm (Yang et al., 2009; Wille et al., 2011b; Máca et al., 
2013; Yoo et al., 2013; Yu et al., 2014; Wu et al., 2016; Wang et al., 2017; Yoo & Banthia, 2017b; Yu et 
al., 2017). The tensile strength of the reviewed fibres varies between 800-4295 MPa (Su et al., 2017; Su et 
al., 2016), but most of them between 2000-2850 MPa (Yang et al., 2009; Wille et al., 2011b; Máca et al., 
2013; Yoo et al., 2013; Abbas et al., 2015; Wu et al., 2016; Wang et al., 2017; Yoo & Banthia, 2017b). 

It is recommended by Wille et al. (2011a) to mix all small dry particles before pouring the HRWR and 
water into the mixer. The reason according to Máca et al. (2013) “is because small particles tend to ag-
glomerate and it is easier to break these chunks when the particles are dry”. Máca et al. (2013) do also 
write that “it is also recommended to mix the coarsest particles with the finest, then the second coarsest 
particles with the second finest particles, etc.”. This mixing procedure was used by Wille et al. (2011b), 
Máca et al. (2013) and Abbas et al. (2015). 

Different mixing procedures are performed regarding the steps of adding the materials, mixing time and 
speed but the most of them follow the same pattern: the dry materials are first mixed, then water and SP 
and to the last the fibres (Yang et al., 2009; Wille et al., 2011b; Máca et al., 2013; Yu et al., 2014; Abbas 
et al., 2015; Wu et al., 2016; Su et al., 2017; Wang et al., 2017; Yoo & Banthia, 2017b). 

The molds are usually covered with polythene (plastic) sheets after casting (Yang et al., 2009; Wille et al., 
2011b; Wu et al., 2016; Wang et al., 2017; Yoo & Banthia, 2017b). Some researchers did also vibrate the 
molds for a short time (Yang et al., 2009; Máca et al., 2013; Yu et al., 2014; Abbas et al., 2015; Wu et al., 
2016; Wang et al., 2017). 

Different types of compaction/vibration can have a positive or a negative influence on the fibre distribu-
tion. Table vibration has a positive influence on prims, due to the tendency that the fibres are being 
oriented horizontally. On the other hand, too extensive vibration can cause segregation of the fibres. Using 
internal vibration can result in a much lower concentration of fibres in the middle of the section (Gettu, 
2005). 

Yang et al. (2009) showed that heat cured specimens (90 °C) compared to specimens cured at 20 °C have 
a higher compressive strength, about 20%. The flexural strength is about 10% higher. On the other hand, 
the hot cured specimens did not show any high increase in strength after seven days compared to the 20 
°C cured specimens which showed a further increase in strength. The specimens cured at 90 °C did also 
show a faster decrease in carried load capacity than specimens cured at 20 °C. The literature shows that 
advanced treatments, as heat curing (45-90 °C), are commonly used to reach higher strength (Yang et al., 
2009; Yoo et al., 2013; Abbas et al., 2015; Su et al., 2017; Wang et al., 2017; Yoo & Banthia, 2017b). 
This advanced treatment is, on the other hand, a process that could disturb the existing production tech-
nology and is therefore not sought to be used. 

Yoo et al. (2013) measured the CMOD and did notch the prism at the mid-length. The height of the 
notch was 10 % of the height of the prism, in this case 10 mm. 

Casting and fibre distribution 

Yu et al. (2017) showed that a controlled casting method (cast from one end) with prisms (40 x 40 x 160 
mm3) resulted in higher flexural strength compared to a randomly casted prism. This result is also sup-
ported by Yoo et al. (2016). Yu et al. (2017) explain that the higher flexural strength when using the 
controlled method depends on the fibre orientation that the flow direction provides. The steel fibres can 
easier resist the cracks generation and expansion when they are aligned perpendicular to the flexural force 
direction, which results in higher flexural strength. The fibres in the beginning and end, on the other 
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hand, were relatively discorded and that can depend on the wall effect. Zhou & Uchida (2017) on the 
other hand showed that fibres in the bottom were aligned in the longitudinal direction but concrete flows 
upward from the bottom rather than in the longitudinal direction, thereby causing the other fibres to be 
almost upright oriented rather than horizontally. The used beam had the dimensions 100 x 100 x 400 
mm3. It was concluded by Yoo et al. (2016) that the orientation of the fibres is better in smaller beams 
compared to larger beams when the mixture is cast from one end, which is due to different flow-velocity 
profiles with different specimen sizes. Yoo & Banthia (2017b) did also show that this results in fewer fibres 
in the critical part of larger beams/prisms. A lower amount of fibres results in less fibre bridging capacity 
and this leads to less strength. 

It was concluded by Yoo et al. (2015) that a higher biaxial strength was achieved when the concrete was 
placed in the centre of a panel compared to when the concrete was placed at the corner. The concrete 
placed at centre had better fibre orientation and more steel fibres in the parts with a higher moment which 
resulted in higher load carrying capacity. 

Wang et al. (2017) showed that the distribution of fibres is more stable and higher at different SP contents 
for low w/b ratios (0.18 and 0.20), especially for the mixtures with higher fibre contents (2%-3%). A higher 
SP dosage gives a good flowability and it is favourable for the dispersion of fibres during the mixing. The 
increased flowability from higher dosages of SP also results in a negative effect on the distribution of the 
fibres because of the segregation when the mixture is cast (Wang et al., 2017; Ozyurt et al., 2007). The 
segregation is higher for all fibre contents when SP content is increased to higher dosages at the w/b ratios 
0.22 and 0.24 (Wang et al., 2017). 

Workability 

The workability is decreasing with higher fibre contents (Yang et al., 2009; Máca et al., 2013; Yoo et al., 
2013; Yu et al., 2014; Abbas et al., 2015; Gesoglu et al., 2016; Wu et al., 2016; Yu et al., 2017). This is 
because of cohesive forces between the fibres and matrix due to the larger surface area of the fibres. It is 
also because of the shape of the fibres, which are more extended compared to aggregates (Yu et al., 2014). 
The workability is also decreasing with an increase in the Lf (Abbas et al., 2015). The use of fibres can also 
be an advantage regarding the workability. Remaining agglomerates in the paste are dissolved by the help 
from the shear forces of the fibres (Máca et al., 2013). 

Yoo et al. (2013) showed a linear decrease between 1%-3% in fibre content with a slump value of 235 mm 
and 225 respectively using ASTM C 1437-07 (2007). The decrease between 3%-4% was larger. Yu et al. 
(2017) showed a linear decrease between 0%-2.0% but a larger decrease between 2.0%-2.5%. Both Yoo et 
al. (2013) and Yu et al. (2017) used straight steel fibres with a Lf of 13 mm. 

The shape of the fibres affects the flowability, straight fibres have less decrease in flowability, twisted and 
hooked-end fibres have the largest decrease (Wu et al., 2016; Gesoglu et al., 2016). Hooked-end and 
twisted fibres have higher friction between them and the aggregates compared to straight fibres, which 
result in less flowability. The shape of the hooked-end fibres also makes them hook into each other (Yu et 
al., 2014). 

The variation between the flowability of the aggregates can be related to the particle shape, where the 
aggregates with more spherical shape have better flowability compared to angularly shaped aggregates 
(Yang et al., 2009). Yang et al. (2009) showed that mixtures with SS had the best workability, then fine 
ordinary sand and recycled glass had less workability. The workability improvements with silica are also 
supported by Richard & Cheyrezy (1995). It was concluded by Yu et al. (2014) that replacing cement with 
fillers as limestone and quartz powder increases the workability. Using quartz did also show an actable 
strength. 

Modulus of elasticity, compressive strength and behaviour 

Higher compressive strength is achieved by adding fibres to the mixtures (Wille et al., 2011b; Máca et al., 
2013; Yu et al., 2014; Abbas et al., 2015; Gesoglu et al., 2016; Su et al., 2016; Wu et al., 2016; Su et al., 
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2017). The modulus of elasticity is also improved by adding fibres (Máca et al., 2013). The specimens with 
steel fibres do also show a more ductile behaviour than them without fibres. Yu et al. (2014) write that 
“due to the addition of fibres, the fibres can bridge cracks and retard their propagation, which directly 
causes that the strength (especially the flexural strength) of concrete significantly increases”. The conclu-
sion by Yu et al. (2014) corresponds to Su et al. (2017) explanation, who write that the fibres can bridge 
over the cracks and retard crack extension which results in higher ductility. It has been shown that mix-
tures without fibres have a sudden and explosive behaviour at failure which results in large damage to the 
specimens. The specimens with steel fibre do not split or fail into pieces and are almost entirely intact 
after failure (Yoo et al., 2013; Abbas et al., 2015). 

Some articles showed a decrease in compressive strength and modulus of elasticity when the fibre dosages 
were too high (3%-6%) (Máca et al., 2013; Yoo et al., 2013; Abbas et al., 2015). A decrease in strength can 
be explained by the even distribution of fibres, which can be hard to achieve (Atis & Karahan, 2009). It 
can also be explained by higher air content. It is shown by Yu et al. (2014) that the air content is increasing 
with higher fibre contents. The increase in air content could be explained by the particle packing of con-
crete ingredients which steel fibres could affect (Yu et al., 2014). Less workability results in thicker mixtures 
which leads to a higher amount of air voids. The higher amount of air results in less strength for the 
matrix and stress concentration in the voids (Máca et al., 2013). This was also concluded by Al-Masoodi 
et al. (2016). 

It is difficult to see any pattern for the compressive strength regarding fibre aspect ratio and the shape of 
the fibres. Su et al. (2017) and Su et al. (2016) showed a higher compressive strength at higher aspect ratios 
and it is explained by better bond strength at higher fibre aspect ratios. Yoo & Banthia (2017b) on the 
other hand showed higher compressive strength at a lower aspect ratio. The two types of straight fibres 
had the same diameter, but the short ones resulted in higher strength. Lower aspect ratio results in more 
fibres at the same fibre content. The higher strength, in this case, is explained by Su et al. (2016) that more 
fibres result in better cracking resistance and improves the compressive strength. Su et al. (2016) also write 
that shorter fibres control the microcracks better due to better dispersion of small fibres. Wu et al. (2016) 
showed that hooked-end fibres had the highest compressive strength and the straight the lowest, which 
can be explained by different bonding strength with the different shapes of the fibres. Yoo & Banthia 
(2017b) showed that twisted fibres had higher compressive strength compared to straight fibres. Gesoglu 
et al. (2016) on the other hand showed that straight fibres had higher compressive strength compared to 
hooked-end fibres. It was discovered that the straight fibres had a more regular and systematic distribution 
compared to hooked-end fibres. 

Máca et al. (2013) showed that the compressive strength differed when tests were performed with half 
prisms (~80 x 40 mm2) comparing to cylinders (100 x 200 mm2). It is commonly known that, at normal 
strength levels, smaller specimens show higher strength compared to larger specimens, which has been 
theorized to be due to that larger elements have a bigger chance to contain more elements with lower 
strength (Neville, 1996). On the other hand, that the difference in strength between larger and smaller 
elements are decreasing at higher compressive strength levels (Graybeal & Davis, 2009). 

Flexural strength and behaviour 

The fibres increased the compressive strength, as stated in the previous subchapter, but the flexural 
strength is the mechanical property the fibres have the largest impact on. An increase in fibre content do 
almost always result in improvement of the flexural strength (Wille et al., 2011b; Wille et al., 2012; Máca 
et al., 2013; Yoo et al., 2013; Yu et al., 2014; Abbas et al., 2015; Wu et al., 2016; Su et al., 2017; Yu et al., 
2017). Higher fibre content results in better fibre bridging effect which results in higher load capacity. Su 
et al. (2017) on the other hand tested the flexural strength on specimens with different types of fibres. All 
the specimens showed an increase in flexural strength, except them containing 1% waved fibres. It was 
explained that the fibres had to low tensile strength (800 MPa) and could not provide bridge effect when 
the cracks had started to develop. 
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The UHPC mixtures without fibres fail in a brittle manner when the first crack in the midspan starts to 
develop (Abbas et al., 2015; Su et al., 2017). The specimens have an instant drop in load capacity when 
the crack propagates (Su et al., 2017). The specimens with fibres, on the other hand, are still load carrying 
after the first crack is created and improves the peak load with a more ductility behaviour (Máca et al., 
2013; Abbas et al., 2015). The fibres ability to redistribute the stresses result in the development of small 
several microcracks instead of one larger (El-Dieb, 2009). Su et al. (2017) write that specimens have a 
steadier drop in load carrying capacity with steel fibres than without. Yoo et al. (2013) and Wu et al. (2016) 
showed that the larger first crack is obtained at pretty much the same load for all the fibre contents, which 
is explained by the matrix strength that takes the first stress and then taken by the fibres (Yoo et al., 2013; 
Yoo et al., 2014). Abbas et al. (2015) on the other hand showed an increase in first crack load with in-
creased fibre content. The fibres sustain the load before the first cracking due to bond strength between 
the fibres and the matrix. The bond strength is mostly provided by chemical bond, interlocking and me-
chanical strength from the fibre-end and friction (Wu et al., 2016). The load carrying capacity is decreased 
gradually when the midspan deflection increases because of the fibres are pulled out from the matrix. The 
steel fibres are pulled out when the carried load is larger than the bond strength between the steel fibres 
and the matrix (Abbas et al., 2015; Su et al., 2017). 

Wu et al. (2016) showed that specimens with twisted and hooked-end fibres have higher flexural strength 
compared to straight fibres. Su et al. (2017) on the other hand showed that straight fibres have higher 
strength than twisted when the straight fibre have higher fibre aspect ratio. Yoo & Banthia (2017b) pre-
sented that long straight fibres have higher flexural strength compared to short fibres and this is due to 
the higher bonding area between the fibres and matrix for the fibres with a higher aspect ratio which 
causes higher pull out resistance. 

The aspect ratio did not always matter. Abbas et al. (2015) write that shorter Lf results in a higher first 
crack and peak load. It was concluded that short fibres can control the progress of multiple microcracks 
and delay the development of macrocracks better which result in a higher first crack and peak load. El-
Dieb (2009) explains that larger cracking and peak load with short fibres is due to the fibre gripping force 
applied at the crack tips, which blocks the spread and growth of cracks. Same dosages of short and long 
fibres also result in more short fibres compared to long. El-Dieb (2009) further explains the fibres are 
closely spaced which result in better control of growing cracks. On the other hand, short fibres have a 
steeper slope after the peak load compared to long fibres and this is due to the larger bond strength of 
longer fibres (Abbas et al., 2015). 

Fracture energy 

It was concluded by Yoo et al. (2013) and Su et al. (2017) that the fracture energy increased with higher 
fibre content due to the higher fibre bridging effect. Yoo et al. (2013) did also show that the crack opening 
displacement was considerably affected by the volume of fibres. 

Yoo et al. (2013) calculated the fracture energy by a numerical model. A bi-linear softening curve was made 
from the stress-CMOD curve and the fracture energy was calculated from the area under the bi-linear 
softening curve. Su et al. (2017) calculated the fracture energy according to Hillerborg (1985), which in-
cludes the whole area enclosed by the stress-deflection curve. The fracture energy presented by Roesler et 
al. (2008) was also calculated according to Hillerborg (1985). This fracture energy is defined as the total 
fracture energy according to Roesler et al. (2008) and Xu & Wille (2015). Both Roesler et al. (2008) and 
Xu & Wille (2015) divides the total fracture energy into different regions. Roesler et al. (2008) define the 
stress-crack opening curve with one initial fracture energy and total fracture energy. Xu & Wille (2015) 
calculated the fracture energy (area under the curve) from a tensile test and divided the total fracture 
energy into two parts. Gf,A is the fracture energy during strain hardening up to the peak stress and Gf,B is 
the fracture energy during strain softening to the tensile stress is zero. 
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Four recipes answering all or almost all objectives 

Wille et al. (2011a) and Wille et al. (2011b) mixture correspond to all sought objectives. Straight fibres 
were used. The mixture was well evaluated and other articles have based their mixture on the recipe by 
Wille et al. (2011a). All the dry materials in the mixture are based on silica except cement and this could 
be one reason why the strength is so high when a non-advanced treatment was used. It is especially the 
treatment that makes this mixture a well-suited mixture for field application. No heat curing or vibration 
was used and the mixing was performed at one speed. The only negative aspect when the tests were per-
formed is that the workability was not measured with any standard when the fibres were included. But a 
value of 835 mm with a slump cone can be seen as an acceptable value for the workability.  

Máca et al. (2013) mixture correspond to many of the objectives. The mixture is almost the same as Wille 
et al. (2011a). Máca et al. (2013) used almost the same materials. The difference is that Máca et al. (2013) 
used less coarse sand and more fine sand. The fine sand, on the other hand, has a max grain size of 0.6 
mm compared to 0.2 that is used by Wille et al. (2011a). The workability test shows a quite low value at 
higher fibre dosages, which can be because of the higher max grain size and or different amount SP. Non-
advanced treatment, except for one minute of vibration, is used which is positive. Straight fibres were 
used. 

Yu et al. (2014) mixture with quartz corresponds to almost all objectives. Straight fibres were used. No 
heat curing or vibration was used. The mixing was performed with a varying speed at the last step, which 
is negative in the aspect of field application. The workability was improved by replacing the cement with 
quartz. The flexural strength with a fibre content of 2.5% was over 25 MPa, but the compressive strength 
was under 150 MPa, but not much. The w/c ratio was 0.29, which is quite high when compared with the 
others in the reviewed literature. The high w/c ratio can be an explanation why the compressive strength 
did not reach 150 MPa or higher. 

Abbas et al. (2015) mixtures with a shorter Lf and fibre content at 3% answers to most of the objectives. 
The mixing was performed at one speed, but the molds were vibrated. The curing was also performed with 
some heat curing, but only with 45 °C for five hours. The tests showed acceptable workability, flexural 
and compressive strength. 

None of the four mixtures described above were tested at three days age but, the mixture with straight 
steel fibres by Wu et al. (2016) was tested at three days. The mixture showed a compressive strength over 
90 MPa at three days age with a fibre content of 2%. The mixture showed a compressive strength about 
150 MPa after 28 days and it can, therefore, be assumed that the four described mixtures above will reach 
a compressive strength of 80-90 MPa after three days. 

Standards 

Different standards have been described in the reviewed literature for choosing the type of materials and 
the testing of mechanical properties. The ones described in this literature review that was fit to use in the 
laboratory work was: 

• Workability: 
o ASTM C 1437-01 (2001). 
o ASTM C 230/ C 230M-03 (2003). 

• Compressive strength: 
o EN 196-1 (2016). 

§ Half of the prisms (40 x 40 x 160 mm3). 
• Flexural strength: 

o EN 196-1 (2016). 
§ 40 x 40 x 160 mm3 prisms. 
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Durability 

Graybeal (2010) writes UHPFRC does not have the early-age microcracks as for conventional concrete 
because UHPFRC does not contain coarse aggregates. The homogeneous cementitious matrix, which re-
sults in extremely low permeability, together with the absent of early-age microcracks results in exceptional 
durability of UHPFRC. Abbas et al. (2015) showed UHPFRC has good durability properties due to its 
very low porosity and solid micro-structure. The good durability result in less needed UHPFRC cover. 
Piérard et al. (2012) showed with an accelerated carbonation test that UHPFRC only needs 5 mm cover, 
compared to conventional concrete that needs 65 mm, to sustain carbonation of the steel reinforcement 
bars over a lifetime of 100 years. The porosity of UHPFRC is increased with higher fibre contents, but the 
porosity is still lower compared to conventional concrete (Yu et al., 2014).  

The flexural performance of UHPFRC beams and the fibre reinforcement in them, under cycle loads and 
wetting-drying cycles with sodium chloride, do not show any degradation of the flexural performance or 
the fibres (Graybeal, 2010; Aarup, 2004). Piérard et al. (2012) write that the resistance to carbonation of 
UHPFRC is very high which result in longer protected steel fibres and steel reinforcement compared to 
in conventional concrete. Aarup (2004) explains the low w/b ratio in the matrix includes very many un-
hydrated cement particles. The cement particles react with the water that gets into the cracks and heal the 
cracks. It was shown that the microcracks even decreased over time due to the self-healing of the cracks. 
The unhydrated cement also behaves as a barrier against carbonation and chloride penetration because 
there exists almost no free water in the pores, which result in carbonation at an extremely low rate. The 
low permeability, because of the dense matrix which results in few capillary pores, leads to very few freezing 
and thawing problems because there is no freezable water available. 

Abbas et al. (2015) showed that the Lf does not have a significant effect on the durability of UHPFRC and 
higher fibre dosage do not affect the durability properties. Severe exposure of chloride ions does not affect 
the mechanical properties of UHPFRC. Piérard et al. (2012) did, on the other hand, report that some of 
the fibres right at the surface can have corrosion problems but will only have an impact on the aesthetic. 

Piotrowski & Schmidt (2012) did a LCCA where a prestressed conventional concrete bridge was compared 
with a UHPFRC bridge. It was concluded that the UHPFRC bridge would have a higher initial construc-
tion cost (23% regarding both material and labour) but regarding the whole life-cycle cost would the UHP-
FRC bridge be more economically efficient and this is due to the better durability. The maintenance cost 
for the UHPFRC bridge would be much lower compared to the conventional concrete bridge and the 
UHPFRC bridge would have two times longer lifetime (200 years). The lifetime of 200 years is supported 
by Kim et al. (2012). Kim et al. (2012) write that a cable-stayed bridge with UHPFRC girders would have 
20% less maintenance and overall construction costs respectively, compared to a conventional cable-stayed 
bridge. 

2.2 History of UHPFRC bridges and design  

This literature review has been written to see how UHPFRC bridges are produced and designed in the 
world. An interview was also held with the Civil Engineer E. Rosell, at 29 of June 2018, to see if UHPFRC 
has been used in Sweden, if there are any investments in the development of UHPFRC and how bridges 
are optimized today. E. Rosell is working at Trafikverket with requirement documents for construction of 
bridges, tunnels and similar structures. The interview is presented in Appendix A. 

2.2.1 Scope and objectives 

This literature reviews scope about production and design of UHPFRC bridges has been to identify the 
following objectives: 

1. What is the shape of the cross-sections used when designing with UHPFRC. 
 

2. Type of production technique, prefabricated or cast-in-place produced. 
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3. Different span-lengths of UHPFRC bridges. 
 

4. Type of reinforcement, pre-/posttensioned or non-prestressed. 
 

5. Which standards and or technical guidelines/recommendations have been used when designing 
UHPFRC bridges in the world. 

The interviews scope with E. Rosell was to get the answers on the following questions: 

1. Have UHPFRC bridges been built in Sweden? If no, why? 
 

2. Has it been any investments in the development of UHPFRC in Sweden? 
 

3. How is the cross-section of bridges optimized today? 

2.2.2 Method of literature review 

Russel & Graybeal (2013) have done a research where they describe applications of UHPFRC in infra-
structure projects, mostly bridges. The bridges that Russel & Graybeal (2013) presents have been built all 
over the world, 90 in total where UHPFRC have been used in one or more components. Russel & 
Graybeals (2013) report have been used to locate built bridges. Five bridges will be described more in 
detail and a summary of Russel & Graybeals (2013) literature search of all the bridges will be presented. 

In Chapter 2.2.9 is the standards and technical guidelines/recommendations presented that have been 
found through the literature research. 

2.2.3 Mars Hill Bridge, USA 

The bridge Mars Hill Bridge is a single-span highway bridge in Wapello County, IA, in USA, see Figure 
2-43. The UHPFRC bridge is 33.5 m long and 7.5 m wide (Endicott, 2007). 

 

Figure 2-43. Mars Hill Bridge (Endicott, 2007). 

The bridge consists of three 33.5 m long and 1.14 m deep pretensioned and prefabricated beams, bulb-
tees, see Figure 2-44. No shear reinforcement was needed. The UHPFRC did consist of 2% fibres. U-bars 
is used to connect the beams with the 0.2 m thick cast-in-place deck. An advantage with the prefabricated 
UHPFRC beams was the short construction time. The casting of the beams was completed in June and 
July, the construction started in August and the bridge was opened for traffic in February the year after 
(Endicott, 2007).  
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Figure 2-44. Bulb tee. Beams that the bridge Mars Hill Bridge consists of (Endicott, 2007). 

2.2.4 Buchana County Bridge, USA 

The bridge is a three-span county road bridge in northeast Buchanan County, IA, in USA, see Figure 2-45. 
The end-spans are made of conventional cast-in-place concrete and the middle span was made of UHP-
FRC. The midspan is 15.6 m long and the free width is 7.6 m (Bierwagen, 2010). 

 

Figure 2-45. Buchana County Bridge (Bierwagen, 2010). 

The midspan consists of three 15.6 m long pretensioned and prefabricated pi-girders. The UHPFRC did 
consist of 2% fibres. See Figure 2-46 for cross-section view of one pi-girder, Figure 2-47 for cross-section 
view of the whole bridge and Figure 2-48 for when the beams were placed (Bierwagen, 2010). 
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Figure 2-46. Cross-section view of one pi-girder (Bierwagen, 2010). 

 

Figure 2-47. Cross-section view of the bridge, three pi-girders (Bierwagen, 2010). 

 

Figure 2-48. Beam placement (Bierwagen, 2010). 
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2.2.5 PS34 Overpass, France 

The bridge is a single-span bridge located on the A51 motorway in France, see Figure 2-49. The length of 
the bridge is 47.4 m long and the free width is 3 m. The total construction width is 4.4 m (Resplendino, 
2008). 

 

Figure 2-49. PS34 Overpass bridge (Resplendino, 2008). 

PS34 Overpass is a box girder bridge consisting of 22 post-tensioned and prefabricated segments. The 
UHPFRC did consist of 2% fibres. The box girder has a height of 1.6 m, the thickness of the upper slab 
is 0.14 m and the lower slabs thickness is 0.12 m, see Figure 2-50. The segments were transported to the 
site and joined together with a temporary post-tensioning. A final post-tensioning with six cables was per-
formed when all the segments were together. The 200-ton bridge was then placed on the bearings. The 
total amount of UHPFRC used was 80 m3, which can be compared with 200 m3 if C35/45 concrete would 
be used and this result in a concrete volume reduction factor of 2.5 (Resplendino, 2008). 

 

Figure 2-50. Cross-sectional view of the PS34 Overpass (Resplendino, 2008). 

2.2.6 St. Pierre La Cour, France 

The bridge is located at a railway overpass in Mayenne region in France and is a single-span bridge. The 
span of the bridge is 19 m and the total width is 12.9 m. The bridge has two 7.5 m lanes and two footpaths 
lanes, 2.5 m and 1.5 m each, see Figure 2-51 (Resplendino, 2008). 
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Figure 2-51. Cross-sectional view of the St. Pierre La Cour bridge (Resplendino, 2008). 

The bridge consists of ten 20 m long pretensioned and prefabricated I-beams. The weight of one UHPFRC 
beam is 9.5 ton. Prefabricated UHPFRC panels are placed on the beams which are 25 mm thick. A 0.2 m 
conventional cast-in-place concrete slab is placed on the panels (Resplendino, 2008). 

2.2.7 Horikoshi C-ramp bridge, Japan 

The Horikoshi C-ramp bridge is a 16.6 long single-span highway bridge located at the Kita Kyushu Junc-
tion. The bridge was first designed with a pretensioned hollow girder with conventional concrete but was 
then changed to a composite girder bridge (Tanaka et al., 2011).  

The girders are pretensioned and prefabricated I-shaped girders made by UHPFRC and the slab is made 
by conventional cast-in-place concrete. Thanks to the UHPFRC, the number of girders decreased from 
eleven to four. The loss of girders resulted in a 30% lighter construction, regarding the total dead weight, 
compared to the original design (Tanaka et al., 2011). 

2.2.8 Summary of Russel & Graybeals literature search 

From the 90 bridges Russel & Graybeal (2013) investigated, the following summary can be drawn based 
on the first four objectives: 

• The used shapes/types for the UHPFRC bridges is bulb-tee girder/beam, I-girder/beam, pi-
girder/beam, waffle deck panels, tee-section, arch bridge, U-shape, box girder, deck panel and 
space truss with chords. 

• Most of the bridges UHPFRC components are prefabricated. 
• Russel & Graybeal (2013) are describing 13 bridges more in detail and the varying span-length of 

them are 7-120 m. The bridge with a main span of 120 m is the Sunyudo footbridge in South 
Korea. It is an arch bridge with post-tensioned pi-sections and it is the longest span UHPFRC 
bridge in the world. 

• Most of the bridges are post- or pretensioned. 

2.2.9 Technical guidelines, recommendations and standards 

The lack of standards is one reason why UHPFRC not have been implemented in Sweden according to 
the Civil Engineers N. Johansson & M. Bäckström (personal communication, 22 December 2017). Tech-
nical guidelines and recommendations from e.g. Australia, France, Japan and Canada for design with 
UHPC/UHPFRC did start to be published in the year 2000 (Gowripalan & Gilbert, 2000; AFGC, 2013; 
JSCE, 2006; Almansour & Lounis, 2008). These documents, on the other hand, is no legally official 
standards. Voo et al. (2017) agree with N. Johansson & M. Bäckström, the lack of design codes is one 
reason why UHPFRC not have been fully implemented in constructions. Voo et al. (2017) write that 
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engineers taking a risk when they do not have standards to follow, but in 2017 was official national stand-
ards published in France. The standards are containing description of material (NF P18-470, 2016) and 
design (NF P18-710, 2016) and they are a basis to be able to create a draft of European standards. It has 
not been found in the reviewed literature if the standards have been used to design a bridge.  
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3 Method for production, testing and evaluation of UHPFRC mechan-
ical properties 

The workflow of the laboratory test is described in Figure 3-1. The first step was to identify recipes, how 
to produce UHPFRC and important parameters, e.g. type and size of steel fibres, and this step has been 
executed by the literature review in Chapter 2.1. The following step was to find the best mixture regarding 
the w/c ratio, SP content and the steel fibre content that resulted in acceptable workability of the mixture. 
The mixtures with acceptable workability with a fibre content of 1.5%, 2.0% and 2.5% were cast into 
prisms and the compressive and flexural strength was tested after three days. The strength was tested at 
three days to save time if it was shown that the recipe had to be improved. More batches with the different 
fibre contents were produced when the compressive and flexural strength indicated that the mixture could 
reach sought compressive and flexural strength at 28 days, which were 150 MPa and 25 MPa respectively. 
The mixtures were then cast into prisms, cubes and cylinders and the mechanical properties modulus of 
elasticity, compressive and flexural strength was tested at 28 days. From the flexural strength was it also 
possible to calculate the tensile strength (the tensile limit of elasticity). The CMOD was also measured to 
be able to calculate the fracture energy.  

 

Figure 3-1. Workflow of the laboratory test. 

3.1 Materials 

The cement used was Portland Cement Type I (42.5 N). Wille et al. (2011a), Wille et al. (2011b) and Máca 
et al. (2013) showed high strength (over 150 MPa in compression) when SF and glass/silica powder were 
used. SF is a material that is available in the laboratory at LTU but silica powder is not. Quartz, on the 
other hand, is available and was therefore used. Yu et al. (2014) and Abbas et al. (2015) showed acceptable 
strength when using quartz. Yu et al. (2014) did also show improved workability when an amount of 
cement was replaced with quartz. A polycarboxylate ether based SP with a solid content of 30% was used. 
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Two types of fine sand were used, one finer (Type I) and one coarser (Type II). The grain size distributions 
of the sands are described in Table 3-1. 

Table 3-1. Grain size distribution of the sand types. 

Sieve size (µm) 
Amount that went through the sieve (%) 

Type I Type II 

1000 100 100 

710 100 99.9 

500 100 98.4 

355 99.9 89.8 

250 99.5 63.3 

180 98.5 24.8 

125 89.5 6.00 

90 42.5 0.70 

75 9.00 0.20 

63 9.00 0.20 

45 0.00 0.00 

Cement AB produces the cement in Degerhamn (Öland), the quartz is produced by Sibelco Nordic AS 
and is made in Norway, Elkem produces the SF, the SP is manufactured by BASF and the two sand types 
are called Baskarp and are from Vättern in Sweden. 

One type of straight short steel fibres was chosen to be used based on positive aspects described by the 
literature in the conclusions of the literature review in Chapter 2.1.16. Short straight fibres showed good 
workability and fibre distribution, contributed to high flexural and compressive strength. The material 
properties of the used fibres are described in Table 3-2. Bekaert provided the fibres and they are called 
Dramix OL 13/.16, see Appendix B for the data sheet. 

Table 3-2. Material properties of steel fibres. 

Length 
(mm) 

Diameter 
(mm) 

Fibre aspect ratio 
(L/D) 

Tensile strength 
(MPa) 

13 0.16 81 2600 

3.2 Mixture proportions 

The proportions of cement, SF, quartz, water, SP, sand and fibres are presented in Table 3-3. The propor-
tions of cement, SF, quartz and sand are recommended by Nilsson (2018). The proportions of cement, 
SF, quartz and water do also correspond to Abbas et al. (2015). The different proportions of fibres have 
been choosing to be 1.5%, 2.0% and 2.5%. Higher than 2.5% was not used to not risk a decrease in 
compressive strength (Máca et al., 2013; Yoo et al., 2013; Abbas et al., 2015). Endicott (2007), Bierwagen 
(2010) and Resplendino (2008) did also report that 2% fibres had been used in UHPFRC for bridges.  
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Table 3-3. Mixture proportions. 

Type of component Proportions by weight 

Cement 1.0 

Silica fume 0.20 

Quartz 0.30 

Water 0.23 

Superplasticizer 0.015* 

Sand Type I 0.35 

Sand Type II 0.35 

Fibres -** 

*Solid content; **1.5%, 2.0% and 2.5% by total volume of mixture. 

3.3 Mix procedure and sample preparation 

The mixing was performed with two types of food-type mixers shown in Figure 3-2. The one to the left has 
a capacity of 2 litres and was used for smaller batches. The one to the right has a capacity of 8 litres and 
was used for larger batches. Both mixers have three different speed modes, but the mixing was only per-
formed at a constant speed at the lowest speed mode.  

 

Figure 3-2. Mixers for mixing UHPFRC. 

The mixing process started with mixing SF and the two sand types for 5 minutes. The cement and quartz 
were then added and mixed for 5 minutes. These steps of adding the dry materials correspond to the 
recommendations from Máca et al. (2013). The coarsest particles are first mixed with the finest, then the 
second coarsest particles with the second finest particles. In this way will not the small particles agglomer-
ate and the possible chunks will be broken. Wille et al. (2011b) and Abbas et al. (2015) did also follow 
these steps. All the water and the SP was pre-mixed and then gradually added within 1 minute. The mixing 
continued 12 minutes until the SP was activated and acceptable workability was achieved. Lastly, the fibres 
were gradually added and a final mixing for 5 minutes was performed.  
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The mixture was directly cast into prism, cylinder and cube molds, if not flow or density was tested, with 
the dimensions 40 x 40 x 160 mm3, 100 x 200 mm2 and 100 x 100 mm2 respectively. The mixture was 
cast in one end of the prism molds to get better fibre orientation (Yoo et al., 2016; Yu et al., 2017). Three 
prisms, cylinders and cubes for each fibre content were cast. The molds inner faces were covered with a 
thin film of mineral-based oil before the mixture was cast. The molds were taped a few times to get the 
mixture evenly spread in the mold. No vibration was used. Different types of compaction/vibration can 
have a positive effect on the fibre distribution for prisms, especially table vibration, according to Gettu 
(2005), as discussed in the conclusions of the literature review in Chapter 2.1.16. It is assumed that table 
vibration is not always applicable, especially with larger elements in the field, and it is therefore not used. 

Plastic sheets were placed over the molds and they were cured in laboratory environment with a tempera-
ture of 20.0±1 °C for 24 hours. The molds were then disassembled and the specimens were cured in a 
water tank with a temperature of 20.0±1 °C for 27 days until testing (if not tested at three days).  

The specimens were picked up from the water tank 30 minutes before testing. The prisms and cubes were 
grinded just before testing and both sides of the cylinders were grinded with a diamond blade to get an 
evenly applied load on the surfaces. 

The prisms were fabricated with a notch in the midspan. The notch was 10% of the height of the prism, 
i.e. 4 mm, which corresponds to previous work by Yoo et al. (2013). 

3.4 Experimental methods and evaluation 

3.4.1 Workability 

The workability tests were performed according to ASTM C 1437-01 (2001) with the mini cone, flow table 
and frame that are described in ASTM C 230/ C 230M-03 (2003). The flow table and the frame are 
presented in Figure 3-3 when a mixture is tested. The mixtures were tested two times from each batch and 
the mean value was recorded. Different proportions of SP, w/c ratio and fibre content were tested until 
an acceptable slump value was recorded, which was found with the proportions described in Table 3-3. 

 

Figure 3-3. Flow table and frame when workability test was performed. 
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3.4.2 Flexural testing 

The three-point bending tests were performed on three prisms for each fibre content at three and 28 days. 
The tests were performed according to SS-EN 196-1 (2016) and the setup is shown in Figure 3-4. 

The load was applied with a UTM with a maximum load capacity of 100 kN. The midspan deflection was 
measured with the displacement control. A clip gage, see Figure 3-4, (with a maximum capacity of 6 mm) 
was installed at the bottom of the prism, at the notch, to measure the CMOD. Firstly, the load was applied 
with a rate of 0.2 mm/min and was monitored with the clip gage up to a CMOD of 6 mm. The load was 
then applied through the displacement control with a constant rate of 0.2 mm/min, in agreement with 
previous studies (Su et al., 2017; Wu et al., 2016). The flexural strength, FS, was then calculated with  
 

-. =
3-012

23 ℎ − 5 ' (3.1) 

 
where 

Fnl is the maximum applied load in the midspan in N 

L is the length between the supports in mm 

b is the width of the prism in mm, h is the height of the prism in mm, n is the depth of the notch in mm 
and FS is in MPa. 

No deflection or CMOD was measured for the prisms tested at three days, only the flexural strength, and 
the load was applied with a constant rate of 0.05 kN/s. 

 

Figure 3-4. Setup for the flexural bending test. 

3.4.3 Tensile strength 

According to Annex D in NF P18-470 (2016), can the tensile limit of elasticity, fct,el, be calculated with the 
applied load from the bending test when the loss of linearity exceeds, i.e. the applied load at the first crack 
of the UHPFRC. According to NF P18-470 (2016) should the bending test be performed with a four-point 
bending test on unnotched prisms. In this study was the bending test only performed with a three-point 
bending test on notched prisms, which is an unfavourable case compared to a four-point bending test on 
unnotched prisms. The calculated value for the tensile limit of elasticity can, therefore, be considered to 
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be on the safe side. The post-cracking strength, fctf, was never evaluated because the test was not performed 
in accordance with NF P18-470 (2016) regarding that value. 

Determination of the tensile limit of elasticity 

Limit of elasticity is first calculated with 
 

678,91 =
3-01
ℎ'

 (3.2) 

 
where Fnl is in N 

h is in mm 

and fct,fl is in MPa. 

The tensile limit of elasticity is then corrected from scale and gradient effects with 
 

678,:1 = 678,91
;ℎ).=

1 + ;ℎ).=
 (3.3) 

 
where ; = 0.08. 

Mean value of the tensile limit of elasticity, fctm,el, can then be evaluated from the average curve from the 
tests and the characteristic value of the tensile limit of elasticity, fctk,el, can be evaluated from the character-
istic curve from the tests, see Chapter 3.4.6. The properties tensile limit of elasticity and post-cracking 
strength is explained more in Chapter 4.4.3. 

3.4.4 Fracture energy 

The fracture energy will not be used in the calculations when the UHPFRC bridges are designed, but it is 
an important property if FE-analysis will be performed in the future. 

The fracture energy was calculated in accordance with Hillerborg (1985). The total absorbed energy, W, 
was calculated with 
 
> = >) + 2-%?) (3.4) 

 
where 

W0 is the area below the load – CMOD (deformation) curve in kJ (kNm) 

F1 is the central load from the dead weight of the prism and the load from the equipment in kN 

d0 is in m and is the CMOD when the prisms break and the applied load is zero 

W is in kJ. 

In this case was the load from the equipment zero. The load cell was control driven and did therefore 
never load the specimens. The total fracture energy was calculated with 
 

@9 =
>

A9
 (3.5) 

 
where  

Af is the fracture area in m2.  
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The total fracture energy was also divided into two parts in accordance with Xu & Wille (2015) work: the 
fracture energy during strain hardening up to the peak stress/load and the fracture energy during strain 
softening to the stress/load is zero, which is illustrated in Figure 3-5. 

 

Figure 3-5. Illustration of fracture energy Gf, Gf,A and Gf,B (Xu & Wille, 2015). 

3.4.5 Compressive and modulus of elasticity testing 

The compressive strength of the broken prisms from the flexural strength test was tested in accordance 
with SS-EN 196-1 (2016) at three and 28 days. The load was applied with a hydraulic pressure testing 
machine with a load capacity of 3,000 kN. The specimens were loaded with a constant rate of 2.4 kN/s 
until failure, which corresponds to previous work by Wu et al. (2016). The cubes were tested with the 
same testing machine, see Figure 3-6, and in accordance with SS-EN 12390-3 (2009). The specimens were 
loaded with a constant rate of 6.0 kN/s until failure. 

 

Figure 3-6. Hydraulic pressure testing machine used to test compressive strength. 
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The test of the modulus of elasticity, Ecm, was performed according to SS-EN 13 72 32 (2005) at 28 days 
with the cylinders. Two strain gauges were attached centric on opposite side of each other with a base of 
70 mm. The maximal compressive strength was expected to be 150 MPa. The load rate was 4.8 kN/s and 
was applied with a UTM with a capacity of 4,500 kN. The compressive strength of the cylinders was then 
tested according to SS-EN 12390-3 (2009) with a loading rate of 4.8 kN/s. The setup for the tests with the 
cylinders is presented in Figure 3-7. 

 

Figure 3-7. Test setup for modulus of elasticity and compressive strength test of cylinder. 

3.4.6 Mean and characteristic values 

The mean value was calculated from all the tests. The characteristic value was calculated for the tensile 
limit of elasticity, compressive strength of the cubes and cylinders with Eq. (3.6) in accordance with Annex 
B in NF P18-470 (2016). The characteristic values of strength are calculated by “assuming a normal distri-
bution and using Student´s law with a non-execution probability of less than 5%” according to NF P18-
470 (2016). 
 
BℎCDCEFGDHIHFE	KCLMG = NGC5	KCLMG − .FM$G5F	EOG66HEHG5F ∙ .FC5$CD$	$GKHCHFO5 (3.6) 

 
where the Student coefficient is obtained from Table 3-4. 
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Table 3-4. Student coefficient depending on the number of results (NF P18-470, 2016). 

Number of experimental results Student coefficient 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

… 

>30 

… 

µ 

2.920 

2.353 

2.132 

2.015 

1.943 

1.895 

1.860 

1.833 

1.812 

1.796 

… 

1.700 

… 

1.645 
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4 Case study – Difference in design between UHPFRC and conven-
tional concrete bridges 

4.1 Scope and objectives 

The scope of this case study is to design the superstructure of a road bridge with UHPFRC and conven-
tional concrete. The bridges will be compared regarding the amount of reinforced UHPFRC/concrete 
and steel reinforcement (longitudinal and shear reinforcement) and also the amount of CO2 emissions 
from the production of cement and steel (fibre and steel reinforcement) used for the bridges. Further, will 
the difference in design methodology between UHPFRC and conventional concrete be compared.  

The objectives will be to calculate and check the total longitudinal bending reinforcement, ms,mid,b, shear 
reinforcement, msw, crack width, wt,b, and deflection, dtot, at the most critical parts of the bridge. The lon-
gitudinal bending reinforcement will be calculated in the middle of the bridge where also the crack width 
and deflection will be controlled. The shear reinforcement is calculated at the supports. The total longi-
tudinal reinforcement in the middle of the bridge, ms,mid, and the total reinforcement at the support, ms,sup, 
is also calculated, which includes the required longitudinal/shear reinforcement but also minimum and 
surface reinforcement. The amount of CO2 emissions from cement and steel will be calculated from the 
amounts at the support and in the middle of the bridge. The steel reinforcement in the edge beams is 
excluded in the calculations. 

4.2 General description of the case study 

Three different cases will be compared: 

Case 1. The bridge superstructure designed with conventional concrete, see Appendix C for calcula-
tions. 

Case 2. The bridge superstructure designed with UHPFRC and with the same thickness as in the first 
case, see Appendix D for calculations. 

Case 3. The bridge superstructure designed with UHPFRC and when the thickness is optimized, i.e. 
as small thickness as possible. See Appendix E for calculations. 

The bridge is a beam bridge, with non-prestressed reinforcement, placed on abutments and is considered 
to be simply supported. A visual presentation of the bridge is described in Figure 4-1 and Figure 4-2.  

 

Figure 4-1. Elevation view of the bridge. 
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Figure 4-2. Cross-sectional view of the bridge. 

4.2.1 Dimensions and assumptions 

The theoretical span/length of the bridge, lb, is 20 m, the free width, wc, is 6 m, the bridge is straight with 
a constant thickness, tc, of 1 m for Case 1 and 2. The length and the thickness are from a bridge at 
Kolningån in Dalarna county and since this bridge is designed by Sweco Civil is it possible to validate the 
results for Case 1. The dimensions are also supported by E. Rosell (personal communication, 29 June 
2018), who says that a good rule for non-prestressed bridges is to have the thickness of the cross-section 
equal to 5% of the theoretical span. The chosen length is also within the span of the different span-lengths 
of different UHPFRC bridges presented in Chapter 2.2. The thickness of the pavement, tpav, is assumed 
to be 0.1 m. 

The fatigue is seldom the design case for road bridges, according to the Civil Engineers J. Westerdahl 
(personal communication, 24 August 2018) and A. S. Wuopio-Kumppani (personal communication, 28 
June 2018) working at Sweco Civil, and is therefore neglected in the calculations. 

The bridge will be calculated as a cast-in-place bridge. The only impact that will have on the calculations 
is that the creep factor is larger compared to if it would be calculated with prefabricated elements, which 
is considered to be on the safe side. 

The bridge does not have any wing walls, which means that the bridge will not have any normal forces 
from the earth pressure. The shrinkage will not create any large normal forces due to the fact that the 
bridge is simply supported and are therefore neglected in the calculations, i.e. it will only be vertical loads 
acting on the bridge in the calculations. 

As described in the limitations in Chapter 1.4.2 is the shrinkage of UHPFRC never tested and it can 
either be higher or lower than the shrinkage of conventional concrete. The shrinkage in the calculations 
at serviceability limit states (SLS) is neglected because it assumed that the shrinkage is the same for UHP-
FRC and conventional concrete. 

4.2.2 Loads 

The dead loads regarded are from the concrete/UHPFRC, pavement and railings. The variable load re-
garded is traffic load with Load Model 1 (LM1), see SS-EN 1991-2:2003 (2010). LM1 consist of one uni-
formly distributed load (UDL) and one tandem system (TS) load that includes concentrated loads. 
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4.3 Method of case study for conventional concrete 

4.3.1 Standards and requirement documents 

The used standards and requirement documents are: 

• TDOK 2016:0204 (2018) v. 2                       Krav Brobyggande. 
• TDOK 2016:0203 (2018) v. 2                       Råd Brobyggande. 
• VV Publ 2004:56 (2004). 
• TRVFS 2011:12 (2011). 
• VVFS 2004:31 (2004). 
• VVFS 2004:43 (2004). 
• SS-EN 1990/A1:2005/AC:2010 (2010)        Basis of structural design. 
• SS-EN 1991-1-1:2002 (2009)                          Actions on structures – General actions. 
• SS-EN 1991-2:2003 (2010)                             Actions on structures – Traffic loads on bridges. 
• SS-EN 1992-1-1:2005 (2008)                          Design of concrete structures – General rules and  

                                                                    rules for buildings. 

4.3.2 Construction classes 

The service life of the bridge is L100 (120 years), which is in accordance with the bridge at Kolningån. 

The safety class, gd, of the bridge is 3, which is in accordance with VVFS 2004:31 (2004) and VVFS 
2004:43 (2004). 

The exposure class and maximum w/c ratio are presented in Table 4-1, which is in accordance with the 
bridge at Kolningån. 

Table 4-1. Exposure class and max w/c ratio for different construction parts (TDOK 
2016:0203, 2018; TRVFS 2011:12, 2011). 

Construction part Exposure class Max w/c ratio 

Bridge beam, top XD3/XF4 0.4 

Bridge beam, bottom XD1/XF4 0.4 

4.3.3 Materials 

The used concrete was a conventional concrete with the strength class C35/45, which was used for the 
bridge at Kolningån and is the most commonly used strength class for bridge beams with conventional 
concrete according to A. S. Wuopio-Kumppani (personal communication, 2 October 2018). 

The steel reinforcement is of class K500CT. 

4.4 Method of case study for UHPFRC 

4.4.1 General 

Standards and requirement documents 

The used standards and requirement documents are: 

• NF P18-470 (2016). 
• NF P18-710 (2016). 
• TRVFS 2011:12 (2011). 
• VVFS 2004:31 (2004). 
• VVFS 2004:43 (2004). 
• TDOK 2016:0204 (2018) v. 2                       Krav Brobyggande. 
• SS-EN 1990/A1:2005/AC:2010 (2010)        Basis of structural design. 
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• SS-EN 1991-1-1:2002 (2009)                          Actions on structures – General actions. 
• SS-EN 1991-2:2003 (2010)                             Actions on structures – Traffic loads on bridges. 
• SS-EN 1992-1-1:2005 (2008)                          Design of concrete structures – General rules and  

                                                                    rules for buildings. 

The standards NF P18-470 (2016) and NF P18-710 (2016) are approved French national standards and 
they are a basis to be able to create a draft of European standards, see Figure 4-3. They were written because 
Eurocode 2 do not cover this type of material with its material properties and behaviour. 

  

Figure 4-3. Front page of the standards NF P18-470 (2016) and NF P18-710 (2016). 

NF P18-470 (2016) “covers and classifies UHPFRCs without prejudging their application domain” and 
NF P18-710 (2016) “provides design rules for structures in UHPFRC”, according to NF P18-470 (2016). 
A third standard, NF P18-451, is being prepared and has not been published when this MSc Thesis is 
written. NF P18-451 “sets out the provisions to be implemented for executing structures in UHPFRC”, 
according to NF P18-470 (2016). 

NF P18-470 Concrete – Ultra-high performance fibre-reinforced concrete – Specifications, performance, production 
and conformity (2016) is written such it is independent from NF-EN 206/CN:2014. NF P18-710 National 
addition to Eurocode 2 – Design of concrete structures: specifique rules for ultra-high performance fibre-reinforced 
concrete (UHPFRC) (2016) is a national addition to Eurocode 2 (NF-EN 1992-1-1). “Unchanged” is written 
at some chapters in NF P18-710 (2016), which means that NF P18-710 (2016) refers to what is stated in 
NF-EN 1992-1-1. NF-EN 1992-1-1 was not available for the author and therefore was SS-EN 1992-1-1:2005 
(2008) used when reference from NF P18-710 (2016) was made. 

Calculation programs 

The programs that were used for the hand calculations were Mathcad 15 and Excel. 
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4.4.2 Construction classes 

The service life of the bridges is set to a minimum of L100 (120 years). 

The safety class of the bridge is 3, which is in accordance with VVFS 2004:31 (2004) and VVFS 2004:43 
(2004). 

The recommended exposure class is XD3/XF4 according to NF P18-710 (2016), Chapter 4.2 (2).  

4.4.3 Materials 

Partial factors for materials 

The partial factors according to NF P18-710 (2016), Chapter 2.3.2.4 (1) Table 2.201, for materials at 
ultimate limit states (ULS) is presented in Table 4-2. 

Table 4-2. Partial factors for materials at ULS, modified from NF P18-710 (2016). 

Design  
situations 

gC (compressed UHPFRC) gcf (tensioned UHPFRC) gS (reinforcing steel) 

Durable  
Transient 

1.5 1.3 1.15 

Accidental 1.2 1.05 1.0 

The partial factors for materials at SLS is: gC = gcf = gs = 1.0. 

Steel reinforcement and fibres 

Steel reinforcement 

The steel reinforcement is of class K500CT. NF P18-710 (2016) refers to SS-EN 1992-1-1:2005 (2008), 
Chapter 3.2.7, regarding the design assumptions for steel reinforcement. 

The values used for design is presented in Table 4-3. 

Table 4-3. Steel reinforcement values for design. 

Characteristic reinforcement stress, fyk 500 MPa 

Design modulus of elasticity of steel, Es 200 GPa 

Characteristic ultimate strain of reinforcement, euk 7.5 % 

Density of steel, rs 78.5 kN/m3 

Fibres 

The Lf is 13 mm and the mechanical properties of the steel fibres are presented in Table 3-2 in Chapter 
3.1. A fibre content of 2.0% is used. 

It is written in Annex F in NF P18-470 (2016) that the ideal way, to simplify the calculations, is if the 
fibres would be distributed in randomly and in a tri-dimensional way which would result in the same post-
cracking tensile force in all the directions of the structure but this is not the case. K factors is therefore 
introduced which “take into account the distribution and effective orientation of the fibres in the actual 
structure” and “they are determined by reference to a main tensile direction in the structure and are 
associated with a part of the structure which is uniform in terms of placement and orientation of the 
fibres” according to NF P18-470 (2016).  

A minimum of six plates or prisms per part of the structure, generally taken by sawing, is tested to see the 
tensile behaviour of the directions of internal tensile forces that the structure will be subjected to at each 
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part. The results are then compared with the intrinsic reference value and a ratio value can be obtained, 
i.e. the K value (NF P18-470, 2016). 

Two K factors are introduced, Kglobal and Klocal, and are defined the following way by NF P18-470 (2016): 

“By direction and by part of the structure considered, the ratio between the average of the peaks of the 
moment-deflection curves obtained on moulded test samples and the average of the peaks of the moment-
deflection curves obtained on sawn plates or prisms is denoted Kglobal.  

By direction and by part of the structure considered, the ratio between the average of the peaks of the 
moment-deflection curves obtained on moulded test samples and the lowest value of the peaks of the 
moment-deflection curves obtained on sawn plates or prisms is denoted Klocal”. 

The post-cracking tensile force is then “corrected” by multiplying with 1/K, which is described in Figure 
4-4. 

 

Figure 4-4. Correction of the non-linear part of the experimental response curve with the orien-
tation factor K, modified from NF P18-470 (2016). 

The minimum and maximum values for Kglobal is 1.0 and 2.0, respectively, and 1.0 and 2.5 for Klocal. A 
single value of the K factor should be used if the tensile behaviour should be checked that not relate to 
one direction, it is then the larges value of Kglobal and Klocal if nothing else is stated. Kglobal = 1.25 and Klocal = 
1.75 can be used as indicative values for preliminary design (NF P18-470, 2016). The K factors were never 
evaluated and therefore will the indicative values be used for design. 

Klocal is used for calculations for local effects in very localised areas and where a local failure will have a 
significant consequence. Kglobal is dedicated for global effects over wider areas where a local failure not will 
have a significant consequence, e.g. bending and shear resistance of a slab (NF P18-710, 2016). 

UHPFRC 

NF P18-470 (2016) identifies UHPFRC compressive strength classes between 150/165 and 250/165 MPa 
(cylinder/cube), containing steel fibres, which is referred to in the design standard NF P18-710 (2016). 
NF P18-470 (2016) also covers UHPFRC with strength class 130/145 but may only be used in structural 
applications when a technical assessment procedure covers it. UHPFRC with strength class 130/145 is 
not referred to in NF P18-710 (2016). 
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UHPFRC-S is the grading when UHPFRC type M (the fibres used are steel fibres) have a characteristic 
compressive strength of 150 MPa or above. UHPFRC-Z is the grading when UHPFRC type M has a char-
acteristic compressive strength less than 150 MPa but above 130 MPa (NF P18-470, 2016). 

The standard NF P18-710 (2016) covers UHPFRC described as UHPFRC-S in NF P18-410 (2016). The 
mechanical properties of the UHPFRC should be as following according to NF P18-710 (2016):  

“- They are type M UHPFRCs, meaning that the fibres giving a strain-hardening behaviour on bending 
are metal fibres 

- characteristic compression strength fck between 150 MPa and 250 MPa 

- characteristic tensile strength fctk,el greater than 6.0 MPa 

- sufficiently ductile behaviour under tension in order that they satisfy the following inequality: 
 

1

Q).R

S Q

1.25
$Q ≥ VCW 0.4678Z,:1; 3N\C

]^._

)

 (4.1) 

 
where 

w0.3 = 0.3 mm 

fctm,el is the mean value of the limit of elasticity  

s(w) is the characteristic post-cracking stress as a function of the crack width w. 

- density should be between 2300 and 2800 kg/m3.” 

The tensile behaviour is used as a reference when designing with UHPFRC. NF P18-470 (2016) are using 
two values from the tensile behaviour, fct,el and fctf. fct,el is the value when the loss of linearity in a bending 
test is achieved, i.e. loss of linearity regarding the load-CMOD curve. fctf is maximum tensile strength after 
the tensile limit of elasticity. See Figure 4-5 below that describes this two values when the fctf is larger than 
fct,el. 

 

Figure 4-5. Visualisation when fctf is larger than fct,el.  
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The design laws in NF P18-710 (2016) differs depending on which tensile behaviour class the UHPFRC 
has. The tensile behaviour class of UHPFRC is obtained by comparing fct,el and fctf, both mean and char-
acteristic values. The orientation factor Kglobal is including in the post-cracking phase to take account for 
the placement of the UHPFRC in the structure, the product or structure component. A postulated value 
of 1.25 for this factor is used. The tensile behaviour classes are stated in the following way by NF P18-
470 (2016): 

“The UHPFRC is of class T1 (strain softening under direct tension) when fctf/1.25 < fct,el both for the 
mean curve and for the characteristic curve, i.e. fctfm/1.25 < fctm,el and fctfk/1.25 < fctk,el. 

The UHPFRC is of class T2 (limited strain hardening) when fctf/1.25 ≥ fct,el for the average curve and 
fctf/1.25 < fct,el for the characteristic curve, i.e. fctfm/1.25 ≥ fctm,el and fctfk/1.25 < fctk,el. 

The UHPFRC is of class T3 (significant strain hardening) when fctf/1.25 ≥ fct,el both for the mean curve 
and for the characteristic curve, i.e. fctfm/1.25 ≥ fctm,el and fctfk/1.25 ≥ fctk,el.” 

Creep and shrinkage 

It is not possible to calculate the creep from the compressive strength of the UHPFRC. Components of 
UHPFRC that is exposed of loads subjects low creep. The desiccation creep is very low and the specific 
creep is less than for conventional concrete. The creep is almost non-existent if heat treatment has been 
used (NF P18-470, 2016). 

It is not possible to calculate the shrinkage from the compressive strength of the UHPFRC. The shrinkage 
develops quickly from the begging of setting and has to be evaluated by tests (NF P18-470, 2016).  

Values for design 

It can be seen in Chapter 5 that most of the mechanical properties is sufficient according to NF P18-710 
(2016), e.g. the tensile strength, the density, strain-hardening behaviour and a high ductile behaviour, but 
the compressive strength was close but not high enough. NF P18-710 (2016) presents indicative values of 
UHPFRC for preliminary design in Annex T. Most of the values that are used for design are from the 
recommended indicative values. The values are chosen to be as close to the tested values as possible. Most 
of the values are in the range of the minimum values, which is considered to be on the safe side to not 
overstate the performance of UHPFRC when the UHPFRC bridge is compared with the conventional 
concrete bridge. The values for the post-cracking strength was not evaluated in this project, but higher 
values than the tensile limit of elasticity were chosen because a significant strain hardening behaviour was 
observed when the bending tests was performed, see Figure 5-2 in Chapter 5. The values for design are 
presented in Table 4-4. 

Table 4-4. UHPFRC values for design. 

Characteristic compressive strength, fck 150 MPa 

Mean compressive strength, fcm 160 MPa 

Characteristic tensile limit of elasticity, fctk,el 7.0 MPa 

Mean tensile limit of elasticity, fctm,el 8.0 MPa 

Characteristic post-cracking strength, fctfk 9.0 MPa 

Mean post-cracking strength, fctfm 11 MPa 

Mean modulus of elasticity, Ecm 45 GPa 

Creep coefficient, jef 1.0 

Density of UHPFRC (see Chapter 5.1.1), rc 23.4 kN/m3 

 

  



 

 
87 

4.4.4 Strength 

Steel reinforcement 

NF P18-710 (2016) refers to SS-EN 1992-1-1:2005 (2008), Chapter 3.2.7, regarding the design assump-
tions for steel reinforcement. The design reinforcement stress is calculated with 
 

6ab =
6ac
de

 (4.2) 

 
The strain when the reinforcement yields is calculated with 
 

fae =
6ab
ge

 (4.3) 

 
The design ultimate strain of reinforcement is calculated with 
 
fhb = 0.9fhc (4.4) 

UHPFRC 

Compressive strength 

The design compressive strength is calculated according to NF P18-710 (2016), Chapter 3.1.6, with 
 
67b = C7767c dj  (4.5) 

 
where 

acc is a coefficient that accounts for long-term effects on compressive strength and adverse effects resulting 
from the way the load is applied. The value for UHPFRC is acc = 0.85. 

The constitutive law for UHPFRC in compression that should be used for design at ULS is presented in 
NF P18-710 (2016), Chapter 3.1.7.2, and is described in Figure 4-6. 

 

Figure 4-6. Illustration of stress-strain behaviour for UHPFRC in compression for design at ULS, 
modified from NF P18-710 (2016). 
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The ultimate design elastic shortening strain is calculated in the following way 
 
f7)b = 67b g7Z (4.6) 

 
The ultimate design shortening strain that is possible to take into account is calculated accordingly 
 

f7hb = 1 + 14
6789Z

kl1mno167Z
f7)b (4.7) 

Tensile strength 

According to NF P18-710 (2016), Chapter 3.1.7.3.1, is the tensile behaviour described by the tensile limit 
of elasticity and by the stress-crack width s(w) or stress-strain s(e) post-cracking constitutive law. The ten-
sile behaviour can be expressed directly from tests or by a conventional law with values from the test. In 
the calculations is the conventional law used. The conventional law differs depending on if the member 
is considered to be thick or thin and which tensile behaviour class (T1, T2 or T3) the material has. If the 
thickness is larger than 3Lf is it considered to be thick. The differences between the tensile behaviour 
classes are presented in Chapter 4.4.3. It is shown in Appendix D and E that the member is considered 
as thick and has a tensile behaviour class of T3. The tensile conventional law for thick members and T3 
is presented in NF P18-710 (2016), Chapter 3.1.7.3.2 (1), and is described in Figure 4-7. 

  

Figure 4-7. Stress-strain of thick T3 UHPFRC in tension. Design law at SLS to the left and at 
ULS to the right, modified from NF P18-710 (2016). 

The design tensile limit of elasticity, at ULS, is calculated with 
 

678b,:1 =
678c,:1
d79

 (4.8) 

 
The strain at the maximum limit of elasticity, at ULS, is calculated with 
 

fh,:1 =
678b,:1
g7Z

 (4.9) 

 
The design post-cracking strength, at ULS, is calculated with 
 

6789b =
6789c

d79kl1mno1
 (4.10) 
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The ultimate strain in tension, at ULS, is calculated with 
 

fh,1pZ =
29
427

 (4.11) 

 
where  

Lc is the characteristic length and is calculated with 
 

27 =
2

3
F7 (4.12) 

 
The design tensile limit of elasticity, at SLS, is 
 
678b,:1,qrq = 678c,:1 (4.13) 

 
The strain at the maximum limit of elasticity, at SLS, is calculated with 
 

f:1 =
678b,:1,qrq
g7Z

 (4.14) 

 
The design post-cracking strength, at SLS, is calculated with 
 

6789b,qrq =
6789c
kl1mno1

 (4.15) 

 
The ultimate strain in tension, at SLS, is 
 
f1pZ = fh,1pZ (4.16) 

4.4.5 UHPFRC cover and spacing of bars 

UHPFRC cover 

NF P18-710 (2016) refers to SS-EN 1992-1-1:2005 (2008), Chapter 4.4.1.1, regarding the equation to 
calculate the UHPFRC cover, cnom, which is 
 
E0mZ = EZp0 + ∆Eb:t (4.17) 

 
Minimum cover, cmin 

The minimum cover is calculated according to NF P18-710 (2016), Chapter 4.4.1.2 (2), with 
 

EZp0 = VCW EZp0,n; EZp0,bhu + ∆Ebhu,v − ∆Ebhu,e8 − ∆Ebhu,obb; EZp0,"; 10	VV  (4.18) 

 
The way to evaluate the minimum cover regarding bond, cmin,b, is unchanged compared to SS-EN 1992-1-
1:2005 (2008), Chapter 4.4.1.2 (3), regarding non-prestressed reinforcement. The minimum cover regard-
ing bond for separated bars is 
 
EZp0,n = ∅ (4.19) 

 
where  
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f is the diameter of the steel reinforcement bar. 

According to NF P18-710 (2016), Chapter 4.4.1.2 (5), is the minimum cover regarding environmental 
conditions, cmin,dur, depending on the structural class and the exposure class, see Table 4-5. S4 is the struc-
tural class for standard civil engineering buildings and structure, which means that cmin,dur is 20 mm. 

Table 4-5. Values of minimum cover regarding environmental conditions (mm) with respect to 
structural and exposure class, modified from NF P18-710 (2016). 

Structural 

class 

Exposure class 

X0 XC1 XC2/XC3 XC4 XD1/XS1 XD2/XS2 XD3/XS3 

S1 

- 

5 5 10 10 15 15 

S2 5 10 10 15 15 20 

S3 5 10 15 15 20 20 

S4 10 15 15 20 20 20 

S5 10 15 20 20 20 25 

S6 15 20 20 20 25 25 

The way to evaluate the additive safety element, Dcdur,g, is unchanged compared to SS-EN 1992-1-1:2005 
(2008), Chapter 4.4.1.2 (6), and the recommended value is 0 mm. 

The way to evaluate the reduction of minimum cover for the use of stainless steel, Dcdur,st, is unchanged 
compared to SS-EN 1992-1-1:2005 (2008), Chapter 4.4.1.2 (7), and the recommended value is 0 mm. 

The way to evaluate additional protection, Dcdur,add, is unchanged compared to SS-EN 1992-1-1:2005 
(2008), Chapter 4.4.1.2 (8), and the recommended value is 0 mm. 

The minimum cover that takes the placement conditions into account, cmin,p, is calculated according to NF 
P18-710 (2016), Chapter 4.4.1.2 (2), with  
 

EZp0," = VCW 1.529; 1.5xeh"; y  (4.20) 

 
where 

Dsup is the nominal upper dimension of the largest aggregate, see Table 3-1 in Chapter 3.1. 

Allowance in design for deviation, Dcdev 

The way to evaluate the value that allows for deviation is unchanged compared to SS-EN 1992-1-1:2005 
(2008), Chapter 4.4.1.3 (1), and the recommended value is 10 mm. 

Spacing of bars 

According to P18-710 (2016), Chapter 8.2 (2), should it be a horizontal, eh, and vertical, ev, clear distance 
between parallel bars, which are described in Figure 4-8. 
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Figure 4-8. Horizontal and vertical clear distance between the steel reinforcement bars, modified 
from NF P18-710 (2016). 

The clear distances shall fulfil the following conditions with respect to the minimum clear distance, emini: 
 
Gz ≥ GZp0p (4.21) 

 
Gt ≥ GZp0p (4.22) 

 
where 
 

GZp0p = VCW y	; 	 xeh" + 5	VV 	; 1.529	; 20	VV  (4.23) 

4.4.6 Longitudinal bending reinforcement 

The bending reinforcement will be designed in the middle of the bridge where the moment is largest. The 
calculations are performed on 1 m strip, b. 

According to NF P18-710 (2016), Chapter 6.1, should the stress-strain diagrams for the compressive and 
tensile behaviour in Figure 4-6 and Figure 4-7, respectively, be used for bending calculations in ULS.  

Linear deformation diagrams, with limiting deformations (pivots), are used for calculations of the resisting 
forces of a section. The linear deformation diagram for a non-reinforced UHPFRC section is described in 
Figure 4-9. 
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Figure 4-9. Relative deformation diagram for non-reinforced UHPFRC in ULS (NF P18-710, 
2016). 

In these calculations is the linear deformation diagram for a reinforced UHPFRC section used, which is 
described in Figure 4-10. 

 

Figure 4-10. Relative deformation diagram for reinforced UHPFRC in ULS (NF P18-710, 2016). 

It can be seen in Figure 4-10 that the limiting pivot in tension is the design ultimate strain of the steel 
reinforcement. According to NF P18-710 (2016), Chapter 6.1, is it assumed that the strain in the rein-
forcement, tension or compression, is the same as the surrounding UHPFRC. It can be seen in Figure 
4-10 that the strain is zero after the reinforcement in the bottom, it is therefore difficult to know if it is 
possible to take the tensile UHPFRC into account after this point. Calculations were first performed when 
the tensile UHPFRC was taken into account but the strain was too large, i.e. the strain was larger than 
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eu,lim, which means that the tensile UHPFRC did not contribute to the moment resistance. The stress and 
strain behaviour therefore used for the calculations is described in Figure 4-11, where it can be seen that 
the tensile UHPFRC is neglected and the bilinear compressive behaviour in Figure 4-6 is used. 

 

Figure 4-11. Stress-strain behaviour and section forces for the cross-section. 

It is assumed that the UHPFRC compressive strain, ecc, is at ecud and that the steel reinforcement has yield 
and the reinforcement stress, ss, is at fyd. That the reinforcement strain, es, is equal to or larger than esy and 
smaller than eud is controlled in the end in Eq. (4.32). A horizontal equilibrium between the forces is 
presented in Eq. (4.24) and this equilibrium should be zero before the design moment resistance, MRd, 
can be calculated. 
 

-77 − -e,p = 0 (4.24) 

 
where 

Fcc is the compressive force of UHPFRC 

Fs,i is the force of the reinforcement in the i layer. 

The compressive force is calculated with 
 

-77 = 67b

f7)b
2 + f7hb − f7)b

f7hb
W3 (4.25) 

 
where 

x is the compressive depth at ULS. 

The force of the steel reinforcement for each layer is calculated with 
 
-e,p = 6abAe,n,p (4.26) 

 
where 

As,b,i is the area of the steel reinforcement in the bottom for the i layer. 

Different values of x and As,b,i are iterated until Eq. (4.24) is zero and the condition in Eq. (4.34) is fulfilled 
with the design moment resistance calculated with 
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N{b = -77W77 + -e,p We,p (4.27) 

 
where 

xcc is the lever arm to the neutral axis for UHPFRC in compression at ULS 

xs,i is the lever arm to the neutral axis for the reinforcement for the i layer at ULS. 

xcc is calculated by introducing the two heights x1 and x2, see Figure 4-11, where x1 is the height from the 
natural layer up to the strain ec0d and x2 is the height between the strains ec0d and ecud. x1 and x2 are expressed 
in the following ways 
 

W% =
f7)b
f7hb

W (4.28) 

 
W' = W − W% (4.29) 

 
and xcc is calculated in the following way 
 

W77 =
W%
2
3
W%
2 + W% +

W'
2 W'

W%
2 + W'

 (4.30) 

 
xs,i is calculated with 
 
We,p = $p − W (4.31) 

 
where 

di is the effective depth of the reinforcement for the i layer. 

The reinforcement strain should fulfil the following condition 
 
fea ≤ fe < fhb (4.32) 

 
and es is calculated with uniform triangles from Figure 4-11 
 

fe =
f7hb $n,p − W

W
 (4.33) 

 
The design bending moment resistance should fulfil the following condition 
 

}ZmZ:08 =
N~b.�rq

N{b
< 1 (4.34) 

 
where 

MEd,ULS is the acting design moment at ULS. 
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4.4.7 Shear reinforcement 

According to NF P18-710 (2016), Chapter 6.2.1.1 (2), should the design shear force at ULS, VEd,ULS, be 
smaller than the resisting shear force, VRd,total, where the resisting shear force is the smallest of VRd and 
VRd,max and they are defined in the following way: 

VRd,max is the maximum force in the truss diagram for the compressive strength of the UHPFRC compres-
sion strut 

VRd is the total resistance from the terms VRd,c, VRd,s and VRd,f 

VRd,c is the contribution from the UHPFRC 

VRd,s is the contribution from the shear force reinforcement 

VRd,f is the contribution from the fibres. 

The shear force verification of a member subjected by predominantly uniformly distributed load not need 
to be checked at a distance less than tc from the support with bonded flexure reinforcement or di if the 
member still has bonded reinforcement, according to NF P18-710 (2016), Chapter 6.2.1.1 (5). The shear 
force at the support always needs to be checked that the acting shear force is smaller than VRd,max.  

It is described in the calculations that no bending reinforcement or minimum reinforcement is needed at 
the supports, also see Chapter 4.4.10 to see how the neglecting of minimum reinforcement is determined. 
The shear force will be calculated at the support where the shear force is largest, which is considered to be 
on the safe side. The calculations are performed on 1 m strip. 

The term VRd,c 

The design resisting shear force given by the UHPFRC is calculated according to NF P18-710 (2016), 
Chapter 6.2.1.2 (3), for the non-reinforced case 
 

Ä{b,7 =
0.18

d79d~
Ç67c

% '3F7 (4.35) 

 
where 

gE is a safety factor and gE multiplied with gcf is equal to 1.5 

fck is in MPa 

and where 
 

Ç = 1 (4.36) 

 
because no axial force from external loads is present. 
 
Eq. (4.35) is an empirical formula which means that the units for the parameters are essential. It is pre-
sented in NF P18-710 (2016) that b should be in [m], but it is not stated which unit tc and VRd,c have. If it 
is assumed that tc is in [m] and VRd,c is in [N] will this result in an unreasonable value of VRd,c. It is assumed 
it is a misprint and that b and tc are in [mm] and VRd,c is in [N], as it is written in SS-EN 1992-1-1:2005 
(2008), Chapter 6.2.2 (1). 

The term VRd,s 

The contribution from the shear force reinforcement is calculated according to NF P18-710 (2016), Chap-
ter 6.2.1.3 with 
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Ä{b,e =
Ae],7
Ie

É6a]b cot á (4.37) 

 
where  

Asw,c is the cross-sectional area of the shear reinforcement 

ss is the spacing of frames or stirrups 

z is the lever arm of internal forces 

fywd is the design elastic limit of the shear reinforcement 

q is the angle between the UHPFRC compression strut and the beam axis perpendicular to the shear 
force. A minimum value of 30° is recommended. 

The lever arm of internal forces when a non-reinforced section is considered is calculated with 
 

É = 0.9
7

8
F7 (4.38) 

 

The term VRd,f 

The contribution from the fibres to the design resisting shear force is calculated according to NF P18-710 
(2016), Chapter 6.2.1.4, with 
 
Ä{b,9 = A9ts{b,9 cot á (4.39) 

 
where 

Afv is the projection in the cross-section of the inclined area where the fibres are acting 

sRd,f is the post-cracking strength mean value along the shear crack with the angle q. 

Afv of a rectangular section is calculated with 
 
A9t = 3É (4.40) 

 
For a UHPFRC with tensile behaviour class T3 is sRd,f calculated with  
 

S{b,9 =
1

kl1mno1d79

1

fâ − f:1
S9(f)

åç

åéè

$f (4.41) 

 
where 
 

fâ = VCW fh	; fh,1pZ  (4.42) 

 
and where 

eu is the maximum elongation in bending calculations at ULS when an axial force is present. No axial 
force is present and therefore is 
 
fâ = fh,1pZ (4.43) 

 
The integral 
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S9(f)
åç

åéè

$f  

 
is described in the stress-strain diagram in Figure 4-12 and is equal to 
 

S9 = 6789b
fh,1pZ − f:1
fh,1pZ

+ 678b,:1,qrq − 6789b
fh,1pZ − f:1
2fh,1pZ

 (4.44) 

 

Figure 4-12. Stress-strain diagram of sf (e), modified from NF P18-710 (2016). 

The term VRd 

VRd is calculated with 
 
Ä{b = Ä{b,7 + Ä{b,e + Ä{b,9 (4.45) 

 
The term VRd,max 

When no shear reinforcement is used, which is assumed is the case, is VRd,max calculated according to NF 
P18-710 (2016), Chapter 6.2.1.5 (1), with 
 

Ä{b,Zoâ = 2.3
ê77
d7

3É67c
' RFC5á (4.46) 

 
Design shear force resistance 

The design shear force resistance is calculated with 
 

Ä{b,8m8o1 = VH5 Ä{b, Ä{b,Zoâ  (4.47) 

 
and should fulfil the following condition 
 

}ez:ou =
Ä~b.�rq
Ä{b,8m8o1

< 1 (4.48) 

4.4.8 Crack control 

According to NF P18-710 (2016), Chapter 7.1, is it assumed that the cross-section is uncracked if the 
tensile stress not exceeds fctd,el,SLS. The contribution from the tensioned UHPFRC, in accordance with the 
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SLS stress laws presented in Chapter 4.4.4, should be included in the calculations. The stress in the rein-
forcement and UHPFRC should be calculated by assuming compatibility of strains. 

The crack control will be performed by first calculating the tensile stress, sct, of the UHPFRC. If the 
section has cracked will the crack width at the most tensioned fibre, wt.b, be controlled. The calculations 
will be performed in the middle of the bridge where the moment is largest and the calculations are per-
formed on 1 m strip. 

Verification of crack 

The tensile stress in the UHPFRC is calculated with 
 

S78 =
N~b.qrq_íì

î8u
F7 − ï8u  (4.49) 

 
where  

MEd,SLS_QP is the acting design moment in SLS with quasi-permanent (QP) load combination 

Itr is the transformed moment of inertia 

ytr is the transformed centre of gravity from the top of the cross-section. 

The tensile stress should fulfil the following condition 
 
S78 < 678b,:1,qrq (4.50) 

 
if not, does it mean that the stress-strain relation of the cross-section described in Figure 4-13 is no longer 
valid and the crack width has to be controlled. 

 

Figure 4-13. Stress-strain behaviour and section forces for tensile stresses equal to or smaller than 
fctd,el,SLS of the section. 

Crack width control 

The maximum crack width, wk, requirement recommended by NF P18-710 (2016), Chapter 7.3.1 (5), is 
presented in Table 4-6. 
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Table 4-6. Maximum crack width (mm) depending on exposure class, reinforcement type and 
type of load combination, modified from NF P18-710 (2016). 

Exposure class 

Members in reinforced 
UHPFRC and members 
in prestressed UHPFRC 
with unbonded tendons 

Members in 
prestressed 

UHPFRC with 
bonded tendons 

Members in non-reinforced and 
non-prestressed UHPFRC 

 
Quasi-permanent load 

combination 
Frequent load 
combination 

Characteristic load 
combination 

Frequent load 
combination 

X0, XC1 0.3 0.2 0.3 0.3 

XC2, XC3, XC4 0.2 0.1 0.2 0.1 

XD1, XD2, XD3 
XS1, XS2, XS3 

0.1 
Tensile limitation to 

2/3.min(fctm,el,  

fctfm/Kglobal) 
0.1 0.05 

According to NF P18-710 (2016), Chapter 7.3.1 (1), is it not necessary to verify the crack width for thin 
members and UHPFRC with tensile behaviour class T3, but it is still done to be on the safe side and show 
the procedure. 

According to NF P18-710 (2016), Chapter 7.3.1 (3) – (7), should UHPFRC with reinforcement fulfil the 
following condition 
 

}7uo7c,]pb8z =
Q8,n
QZoâ

≤ 1 (4.51) 

 
The crack width at the most tensioned fibre is calculated with 
 
Q8,n = Qe F7 − Wqrq − Wâ $ − Wqrq − Wâ  (4.52) 

 
where 

ws is the crack width at the most tensioned reinforcement 

xSLS is the compressed depth of the UHPFRC at SLS 

xx is the height of the tensioned part that is uncracked which also is defined as x3 in Figure 4-15, i.e. the 
distance between where the stresses are 0 and fctm,el,SLS 

d is the distance from the top of the compressed UHPFRC to the level of the reinforcements centroid, see 
Figure 4-16. 

In Eq. (4.52) is the denominator in absolute value. It was found that the height x + xx can be larger than d 
if the uncracked part is high enough, which is described in Figure 4-15, which means that the quota can 
be negative, but a crack width cannot be negative. It is assumed that the authors have not thought about 
this or missed the absolute value. 

d is calculated with 
 

$ =
Ae,n,p$p
Ae,n,p

 (4.53) 

 
The crack width at the most tensioned reinforcement is calculated with 
 

Qe = Iu,Zoâ,9 feZ,9 − f7Z,9  (4.54) 
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where  

sr,max,f is the maximum crack spacing and is calculated with Eq. (4.82) 

esm,f is the average strain of reinforcement 

ecm,f is the average strain of UHPFRC between cracks. 

The term (esm,f – ecm,f) 

(esm,f – ecm,f) is calculated with 
 

feZ,9 − f7Z,9 =
Se
ge
−

6789Z
kl1mno1g7Z

−
1

ge
Ç8 678Z,:1 −

6789Z
k1m7o1

1

ñ",:99
+

ge
g7Z

 (4.55) 

 
where 

kt is a factor that depends on the duration of the load and is equal to 0.6 for short duration and 0.4 for 
long duration 

rp,eff is the ratio of reinforcement area and effective cross-sectional area 

ss is the stress in the reinforcement. 

The stress in the reinforcement should be calculated with the so-called “mean SLS calculation law”, ac-
cording to NF P18-710 (2016), Chapter 7.1 (3). The mean SLS calculation law means that mean values 
are used instead of characteristic values of UHPFRC for design law at SLS when the tensile strength is 
used with the conventional laws described in Chapter 4.4.4. The tensile strain and stress behaviour for 
the mean SLS calculation law is described in Figure 4-14. 

 

Figure 4-14. Tensile stress-strain diagram for mean SLS calculation law, modified from NF P18-
710 (2016). 

The mean design tensile limit of elasticity, at SLS, is defined as 
 
678Z,:1,qrq = 678Z,:1 (4.56) 

 
The mean strain at the maximum limit of elasticity, at SLS, is calculated with 
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f:1,Z =
678Z,:1,qrq
g:9

 (4.57) 

 
where 

Eef is the effective modulus of elasticity of UHPFRC regarding creep and is calculated with 
 

g:9 =
g:9

1 + ó:9
 (4.58) 

 
The mean design post-cracking strength, at SLS, is calculated with 
 

6789Z,qrq =
6789Z
kl1mno1

 (4.59) 

 
The mean ultimate strain in tension, at SLS, is defined as 
 
f1pZ,Z = f1pZ (4.60) 

 
The stress in the reinforcement is calculated by iterate different values of the compressed depth and the 
strain of the compressed UHPFRC until horizontal, see Eq. (4.78), and moment, see Eq. (4.79), equilib-
rium is achieved. It is assumed that the tensile strain of the UHPFRC is higher than eel,m and equal to or 
smaller than elim,m and that the compressive strain of UHPFRC is smaller than ec0d, see Figure 4-15. 

 

Figure 4-15. Stress-strain behaviour and section forces for tensile strain larger, ect, than fctm,el,SLS 
and equal to or smaller than fctfm,SLS and compressive strain smaller than ec0d of the section. 

First is the strain of the tensioned UHPFRC calculated with uniform triangles from Figure 4-15 
 

f78 = f77
F7 − Wqrq
Wqrq

 (4.61) 

 
and should fulfil the following condition 
 
f:1,Z < f78 ≤ f1pZ,Z (4.62) 

 
The force from the UHPFRC under compression at SLS is calculated with 
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-77,q = S77
Wqrq3

2
 (4.63) 

 
where 

scc is the stress in the UHPFRC under compression and is calculated with 
 
S77 = f77g:9 (4.64) 

 
The lever arm for Fcc,S is calculated with 
 

W77,q = Wqrq
2

3
 (4.65) 

 
The force from the reinforcement at SLS for the i layer is calculated with 
 
-e,p,q = Se,pAe,n,p (4.66) 

 
where 

ss,i is the stress in the reinforcement at SLS for the i layer and is calculated with 
 
Se,p = fe,p,qge (4.67) 

 
where 

es,i,S is the strain in the reinforcement at SLS for the i layer and is calculated with uniform triangles from 
Figure 4-15 
 

fe,p,q = f77
$p − Wqrq
Wqrq

 (4.68) 

 
The lever arm for Fs,i,S is calculated with 
 
We,p,q = $p − Wqrq (4.69) 

 
To be able to calculate the tensile force from the UHPFRC is two heights introduced, x3 (also called xx) 
and x4, which is described in Figure 4-15. x3 is the uncracked height and x4 it the cracked height of the 
tensile part and they are calculated with 
 

WR = F7 − Wqrq
f:1,Z
f78

 (4.70) 

 
and  
 
Wò = F7 − Wqrq − WR (4.71) 

 
The force from the uncracked part is calculated with 
 

-78,% = 678Z,:1,qrq
WR3

2
 (4.72) 
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and the lever arm is calculated with 
 

W78,%,q = WR
2

3
 (4.73) 

 
The force from the rectangular part in the stress diagram in Figure 4-15, which is cracked, is calculated 
with 
 
-78,' = 678Z,:1,qrqWò3 (4.74) 

 
and the lever arm is calculated with 
 

W78,',q = WR +
Wò
2

 (4.75) 

 
The force from the triangular part in the stress diagram in Figure 4-15 that is cracked is calculated with 
 

-78,R = 6789Z,qrq − 678Z,:1,qrq
f78

f1pZ,Z

Wò3

2
 (4.76) 

 
and the lever arm is calculated with 
 

W78,R,q = WR + Wò
2

3
 (4.77) 

 
When the horizontal equilibrium in Eq. (4.78) and the moment equilibrium in Eq. (4.79) are zero is it 
possible to determinate the stress in the reinforcement. 
 

-77,q − -e,p,q − -78,p = 0 (4.78) 

 

N~b.qrq_íì − -77,qW77,q − -e,p,q We,p,q − -78,p W78,p,q = 0 (4.79) 

 
The ratio of reinforcement area and effective cross-sectional area is calculated with 
 
ñ",:99 = Ae A7,:99 (4.80) 

 
where  

As is the total area of the reinforcement 

Ac,eff is the effective cross-sectional area where the effective height, hc,ef, is described in Figure 4-16 and 
calculated with 
 

ℎ7,:9 = VH5
2.5 F7 − $

F7 2
 (4.81) 
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Figure 4-16. Effective cross-section from different cases (NF P18-710, 2016). 

The term sr,max,f 

The maximum crack spacing is calculated with 
 
Iu,Zoâ,9 = 2.55 L) + L8  (4.82) 

 
where 
 

L) = 1.33 E0mZ ô9  (4.83) 

 
and 
 

L8 = 2 0.3Ç' 1 −
6789Z

kl1mno1678Z,:1

1

ô9ö

y

ñ",:99
≥
29
2

 (4.84) 

 
where 

l is equal to 2.25 for non-prestressed reinforcement  

k2 is a factor that expresses the spreading of the strains in a section that is cracked, k2 = 1 for pure tension 
and k2 = 0.5 for bending 

zf is a parameter that defines the improved contribution from the fibres to the behaviour of the UHPFRC 
cover and to the reinforcement, which is calculated with 
 

ô9 = 1 + 0.4
6789Z

kl1mno1
õ 678Z,:1

≤ 1.5 (4.85) 

 
where 
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K’global is the K factor to be used for the transverse direction. 

Correction of crack width 

The crack width has to be corrected if the spacing of the bars, s, exceeds 5(cnom + f/2). If the spacing is 
between 5(cnom + f/2) and 10(cnom + f/2) should the corrected crack width, w1, be calculated with 
 

Q% = 1 + 0.015ê!
I

E0mZ +
y
2

'

Q8,n (4.86) 

 
where  
 

ê = 1 − 0.5 6789Z kl1mno1678Z,:1 > 0 (4.87) 

 
and 
 

! =
100ñ",:99

100ñ",:99 + 6789Z/ kl1mno1678Z,:1 	
 (4.88) 

 
and the corrected crack width has to fulfil the following condition 
 
Q% ≤ QZoâ (4.89) 

 
If the spacing is greater than 10(c + f/2) should w1 be calculated with s = 10(c + f/2). 

4.4.9 Deflection  

According to P18-710 (2016), Chapter 7.1, is it assumed that the cross-section is uncracked if the tensile 
stress not exceeds fctm,el. The contribution from the tensioned UHPFRC, in accordance with the SLS stress 
laws presented in Chapter 4.4.4, should be included in the calculations. The stress in the reinforcement 
and UHPFRC should be calculated by assuming compatibility of strains. 

According to TDOK 2016:0204 (2018), Chapter B.3.4.2.2, is the maximum deflection 
 

?Zoâ =
Ln
400

 (4.90) 

 
First is the tensile stress in the UHPFRC calculated to see if the section is cracked or not. If the section is 
uncracked will the deflection be calculated for stage 1 (uncracked section). If the section has cracked will 
the deflection be calculated for stage 2 (cracked). 

The calculations will be performed in the middle of the bridge where the deflection is largest. The calcu-
lations will be performed on the whole width of the beam because the UDL from the traffic load in LM1 
is not constant along the whole width. 

Stage 1 – uncracked section 

The tensile stress in the UHPFRC on the whole width is calculated with 
 

S78,] =
N~b.qrq_û

î8u,]
F7 − ï8u,]  (4.91) 
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where  

MEd,SLS_F is the acting design moment in SLS with frequent (F) load combination on the whole width 

Itr,w is the transformed moment of inertia of the whole width 

ytr.w is the transformed centre of gravity from the top of the cross-section of the whole width. 

The tensile stress should fulfil the following condition 
 
S78,] < 678Z,:1 (4.92) 

 
and if not, is the deflection calculated from stage 2. If the condition in Eq. (4.92) is fulfilled should the 
deflection be calculated by integrating curvatures according to NF P18-710 (2016), Chapter 7.4.3 (3). If 
the curvature is integrated two times is it possible to calculate the deflection at stage 1 from the TS load 
with Eq. (4.93) and the deflection from the UDL with Eq. (4.94). 
 

?%,üq = 2
†üq,~b,qrq_ûC 3Ln

' − 4C'

48g7Zî8u,]
 (4.93) 

 

?%,�°r =
5¢�°r,~b,qrq_ûLn

ò

384g7Zî8u,]
 (4.94) 

 
where  

Q is the concentrated load 

a is the distance from the support to the first TS load 

q is the distributed load. 

The total deflection from stage 1 is then calculated with 
 
?% = ?%,üq + ?%,�°r (4.95) 

 
and it should fulfil the following condition 
 

}b:91:78pm0 =
?%
?Zoâ

≤ 1 (4.96) 

 

Stage 2 – cracked 

According to NF P18-710 (2016), Chapter 7.4.3 (3), should the deflection, for a cracked section, be calcu-
lated with the curvature from an equilibrium calculation in planar section with a non-linear structural 
analysis. The calculations are simplified by calculating the thickness that is uncracked 
 
F7,' = Wqrq,] + WR,] (4.97) 

 
where  

xSLS,w is the compressed depth of UHPFRC at SLS for the whole width 

x3,w is the height of the tensioned part that is uncracked for the whole width. 

The height of the tensioned part that is uncracked is calculated from equilibrium calculations in planar 
section with Eq. (4.61) – (4.79) in Chapter 4.4.8 and with the same methodology, but with mechanical 
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properties for SLS presented in Chapter 4.4.4, under subchapter Tensile strength, and with dimension val-
ues for the whole width. tc,2 is used to calculate a transformed moment of inertia, Itr,w,2, for the uncracked 
part. It is in this case assumed that the tensile part that is cracked do not contribute to the stiffness, which 
not is true as long as the tensile strain is lower than the ultimate strain in tension at SLS. By neglecting 
the cracked part from the stiffness, is it considered that the calculations are on the safe side. 

The deflection at stage 2 from the TS load is calculated with Eq. (4.98) and the deflection from the UDL 
is calculated with Eq. (4.99). 
 

?',üq = 2
†üq,~b,qrq_ûC 3Ln

' − 4C'

48g7Zî8u,],'
 (4.98) 

 

?',�°r =
5¢�°r,~b,qrq_ûLn

ò

384g7Zî8u,],'
 (4.99) 

 
The total deflection from stage 2 is then calculated with 
 
?' = ?',üq + ?',�°r (4.100) 

 
and it should fulfil the following condition 
 

}b:91:78pm0 =
?'
?Zoâ

≤ 1 (4.101) 

4.4.10 Minimum and surface reinforcement 

It is possible not to use minimum and surface reinforcement if the section regarded fulfils the non-brittle-
ness condition, which is if the two following conditions are fulfilled: 

- The UHPFRC should be sufficiently ductile and fulfil the inequality in Eq. (4.1) in Chapter 4.4.3. 

- A section, that not are fully compressed, should be verified with a SLS load combination and the ULS 
behaviour law for the material in tension, including the only contribution of the fibres, that the moment 
resistance/normal force resistance, in a cracked part of the section, is equal to or greater than  

• 1.2Mi or 1.2Ni, where Mi and Ni are the acting moment/normal force. 
• Mlin,i or Nlin,i, where Mlin,i and Nlin,i are the moment/normal force which corresponds to the mo-

ment/normal force to reach the characteristic tensile limit of elasticity. 

4.5 Method for calculation of CO2 emissions  

The CO2 emissions from the production of cement and steel will be calculated for all the three cases. The 
CO2 emissions of steel will be calculated from the amounts at the support, mCO2,sup, and in the middle, 
mCO2,mid, of the bridge. For the UHPFRC will also the fibres, with a fibre content of 2.0%, be included in 
the calculations. 

According to the research engineer T. Forsberg at LTU (personal communication, 10 November 2018) 
consists conventional concrete, for bridges with a w/c ratio of 0.38, of 19.4% cement. The recipe that was 
developed within this project, presented in Chapter 3.2, consist of 38.2% cement. 

According to Esping (2017) are the CO2 emissions 0.9 kg per produced kg of Portland cement. According 
to Kundak et al. (2009) are the average CO2 emissions 1.9 kg per produced kg of steel. It should be noted 
that these values are only from the production, no transports etc. are included.  
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5  Results 

5.1 Mechanical properties of UHPFRC 

5.1.1 Density of UHPFRC 

The density of the mixture with 2.0% fibres was measured to be 23.4 kN/m3. 

5.1.2 Workability 

The results from the workability tests are described in Figure 5-1 when the fibre contents 0.0%, 1.5%, 
2.0% and 2.5% were tested. The workability of the mixture with 0.0% fibres had the highest workability 
at a slump value of 245 mm and the slump value did decrease with an increase in fibre content where 
2.5% had the lowest with a slump value of 215 mm. 

 

Figure 5-1. Flowability at different fibre contents. 

5.1.3 Flexural strength and behaviour 

The flexural strength and the load at the first crack, i.e. the loss of linearity, for the different fibre contents 
are described in Table 5-1. The flexural strength at both three and 28 days increased with higher fibre 
content, where prisms with 1.5% fibre had a flexural strength of 29.4 MPa and the ones with 2.5% had 
46.1 MPa at 28 days. 

Table 5-1. The mean flexural strength at three and 28 days and load at first crack for fibre con-
tent 1.5%, 2.0% and 2.5% at 28 days. 

 
       Fibre content (%) 

1.5 2.0 2.5 

FS 3 days (MPa) 23.5 29.2 32.8 

FS 28 days (MPa) 29.4 38.2 46.1 

First crack (kN) 5.43 5.84 5.96 

The flexural behaviour from one of the tests with 2.0% fibre content is described in Figure 5-2. It can be 
seen in Figure 5-2 that the specimen was still load carrying after the first crack. 
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Figure 5-2. Load – midspan deflection/CMOD curve for 2.0% fibre content. 

All specimens were load carrying after the first crack and showed a ductile behaviour. It can be seen in 
Figure 5-3 that a large crack has propagated up to the top surface, but the prism was still load carrying at 
this time. It could be seen in the middle of the prisms, at the failure crack, that the fibres were aligned in 
the longitudinal direction. 

 

Figure 5-3. Prism that still is load carrying when tested with three-point bending test. 

5.1.4 Tensile strength 

The mean and the characteristic tensile limit of elasticity at 28 days are presented in Figure 5-4. The mean 
characteristic tensile limit of elasticity increased from 6.8 MPa (1.5% fibres) to 7.4 MPa (2.5% fibres) when 
the fibre content increased. The characteristic tensile limit of elasticity, on the other hand, increased up 
to 2.0% in fibre content (6.9 MPa) and did then decrease for 2.5% in fibre content (6.6 MPa).  
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Figure 5-4. Mean and characteristic tensile limit of elasticity at 28 days for fibre content 1.5%, 
2.0% and 2.5%. 

5.1.5 Fracture energy 

The mean fracture energies Gf, Gf,A and Gf,B are increasing with an increase in fibre content, which can be 
seen in Table 5-2. The mean fracture energy for 2.5% in fibre content is 43.3 kJ/m2. 

Table 5-2. Mean fracture energies Gf, Gf,A and Gf,B at 28 days for fibre content 1.5%, 2.0% and 
2.5%. 

 
       Fibre content (%) 

1.5 2.0 2.5 

Gf (kJ/m2) 34.7 36.6 43.3 

Gf,A (kJ/m2) 3.25 3.63 5.55 

Gf,B (kJ/m2) 31.4 32.9 37.7 

5.1.6 Compressive strength and modulus of elasticity  

The characteristic compressive strength is only presented for cubes and cylinders because half prisms val-
ues are commonly not used for design. 

The mean compressive strengths of the half prisms, fcm,p, are presented in Table 5-3. The strength increased 
with an increase in fibre content and the samples with 2.5% fibres had a compressive strength of 197 MPa 
at 28 days. 

Table 5-3. Mean compressive strength of the half prisms for fibre content 1.5%, 2.0% and 2.5% 
at 3 and 28 days. 

 
       Fibre content (%) 

1.5 2.0 2.5 

fcm,p 3 days (MPa) 117 120 130 

fcm,p 28 days (MPa) 181 186 197 
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The mean, fcm,cube, and characteristic, fck,cube, compressive strength of the cubes and the mean, fcm, and char-
acteristic, fck, compressive strength of cylinders are presented in Figure 5-5. It can be seen, if comparing 
the results from Table 5-3 and Figure 5-5, that the mean compressive strength is largest for prisms, then 
cubes and last the cylinders. The compressive strength, both fcm,cube and fck,cube, did increase with an increase 
in fibre content where the cubes with 2.5% in fibre content had a fcm,cube of 153 MPa and fck,cube 149 MPa, 
which can be seen in Figure 5-5. The difference between the values for fcm,cube and fck,cube where not large, 
especially not for the cubes with 2.0% and 2.5% in fibre content, which not where the case for the cylin-
ders. The difference between fcm and fck was larger compared with the cubes. The compressive strength for 
the cylinders, both fcm and fck, did increase with an increase in fibre content up to 2.0% but did decrease 
for 2.5%. The cylinders with a fibre content of 2.0% had the highest fcm (144 MPa) and fck (134 MPa). It 
can be noted in Figure 5-5 that the cylinders with 2.5% in fibre content had the lowest fck of all the fibre 
contents.  

  

Figure 5-5. Mean and characteristic compressive strength of cubes, to the left, and cylinders, to 
the right, for fibre content 1.5%, 2.0% and 2.5% at 28 days. 

The result of the modulus of elasticity is presented in Table 5-4. A small increase (0.5 MPa) was achieved 
between 1.5% - 2.0% and 2.5% in fibre content where the cylinders with 2.0% and 2.5% showed the 
highest modulus of elasticity, which was 43.5 GPa. 

Table 5-4. Modulus of elasticity of the cylinders for fibre content 1.5%, 2.0% and 2.5%at 28 
days. 

 
        Fibre content (%) 

1.5 2.0 2.5 

Ecm (GPa) 43.0 43.5 43.5 

The cylinders showed a ductile failure and the specimens were almost entirely intact after failure, which 
can be seen in Figure 5-6. This behaviour was also shown for the cubes and the prisms. It can be seen in 
Figure 5-6 that many air voids, some large, were seen on the surfaces of the cylinders. The surfaces of the 
prisms (see Figure 5-3) and cubes, on the other hand, were smooth and no or only very small air voids 
could be seen. 
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Figure 5-6. Cylinders after compressive strength test. 

5.2 Difference in design between UHPFRC and conventional concrete bridges 

Two UHPFRC bridges have been designed, one with a thickness of 1 m (Case 2) and one with an opti-
mized thickness (Case 3), and one conventional concrete bridge with a thickness of 1 m (Case 1). The 
results from the calculations in Appendix C, D and E are presented in this chapter. 

It can be seen in Table 5-5 that the decisive factor for Case 1 and Case 2 is the bending moment resistance. 
For Case 3 is the decisive factor the bending moment resistance but also the deflection. Case 1 has the 
highest utilization grade regarding shear force resistance and crack width. In Case 2 did the bridge beam 
never crack and therefore is the utilization grade zero. 

Table 5-5. Utilization grade of bending moment resistance, shear force resistance, crack width 
and deflection for the three cases. 

 Case 1 Case 2 Case 3 

hbending 0.99 0.99 0.99 

hshear 0.81 0.06 0.14 

hcrack,width 0.77 0.00 0.56 

hdeflection 0.25 0.11 0.99 

It is presented in Table 5-6 that the optimized thickness of the beam in Case 3 is 0.54 m, which is almost 
half the thickness compared with Case 1 and 2. Case 3 on the other hand, has the highest amount of 
longitudinal reinforcement and the largest deflection but it has still no shear reinforcement which is the 
same as for Case 2. Case 1 has a total reinforcement amount (including minimum and surface reinforce-
ment) of 196 kg/m3 at the support and the highest crack width. Case 2 has 98 kg/m lower amount of 
total longitudinal reinforcement than Case 1 and 330 kg/m than Case 3. 
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Table 5-6. Thickness, longitudinal reinforcement in the middle of the bridge and the longitudi-
nal and shear reinforcement at support on the whole width per longitudinal m, crack width 
and deflection for the three cases. 

 Case 1 Case 2 Case 3 

tc (m) 1.00 1.00 0.54 

ms,mid,b (kg/m) 482 422 752 

ms,mid (kg/m) 520 422 752 

msw (kg/m) 84.0 0.00 0.00 

ms,sup (kg/m) 196 0.00 0.00 

wt,b (mm) 0.15 0.00 0.06 

dtot (mm) 12.3 5.68 49.8 

It can be seen in Figure 5-7 that the bridge gets 2% lighter by using UHPFRC instead of conventional 
concrete. It can also be seen that the bridge gets 47% lighter by using UHPFRC instead of conventional 
concrete and when the thickness of the bridge beam is optimized. 

 

Figure 5-7. Total amount of reinforced UHPFRC/concrete on the whole width per longitudinal 
m and the percentage difference between the three cases (xx% indicates the percentages of 
amount of reinforced UHPFRC/concrete based on Case 1). 

Figure 5-8 shows that Case 1 contributes to less CO2 emissions regarding the emissions from the produc-
tion of cement and steel used for the different cases. Case 2 has 113% higher emissions from the middle 
of the bridge and 130% from the support, compared with Case 1. Case 3 has higher amounts than Case 
1 but not as much as Case 2, 43% from the middle of the bridge and 24% from the support. 
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Figure 5-8. Amount of CO2 emissions on the whole width per longitudinal m from the produc-
tion of the used cement and steel (fibre and steel reinforcement) for the bridge from the mid-
dle (to the left) and from the support (to the right) and the percentage difference between the 
three cases (xx% indicates the percentages of amount of CO2 emissions based on Case 1). 
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6  Analysis and discussions 

6.1 Production and mechanical properties of UHPFRC 

6.1.1 Workability 

The workability is decreasing, see Figure 5-1, with an increase in fibre content, which are in agreement 
with Yang et al. (2009), Máca et al. (2013), Yoo et al. (2013), Yu et al. (2014), Abbas et al. (2015), Gesoglu 
et al. (2016), Wu et al. (2016) and Yu et al. (2017). The decrease in slump value is larger at higher fibre 
contents, which also is presented by Yoo et al. (2013) and Yu et al. (2017). The shape of the fibres, which 
are more extended compared to aggregates, and the cohesive forces between the fibres and the matrix 
which are increasing with an increase in fibre content results in the loss of workability (Yu et al., 2014). 
Remaining agglomerates in the paste are dissolved by the help from the shear forces of the fibres according 
to Máca et al. (2013), which can contribute to the smaller decrease at lower fibre contents compared with 
higher. The slump value 225 mm with 2.0% in fibre content is a bit higher than Yoo et al. (2013) showed, 
who used the same standard when evaluating the workability. One of the explanations can be the quartz 
used in this study, which improves the workability (Yu et al., 2014). 

6.1.2 Flexural strength, behaviour and tensile strength 

The flexural strength and the first crack load increased with higher fibre content, see Table 5-1, which is 
due to better fibre bridging effect at higher fibre contents (Yoo et al., 2013). An increase in flexural 
strength corresponds to the result from previous studies (Wille et al., 2011b; Wille et al., 2012; Máca et 
al., 2013; Yoo et al., 2013; Yu et al., 2014; Abbas et al., 2015; Wu et al., 2016; Su et al., 2017; Yu et al., 
2017). Yoo et al. (2013) and Wu et al. (2016) showed that the first crack is obtained at similar load for all 
the fibre contents. It is explained by Yoo et al. (2013) and Yoo et al. (2014) that it is the matrix strength 
that takes the first stress and then by the fibres. This study showed an increase in first crack load at higher 
fibre contents, see Table 5-1, which is supported by Abbas et al. (2015). The increased first crack load 
shows it is not only the matrix that takes the initial stress, the fibres are also contributing by taking a part 
of the stress. 

The mean tensile limit of elasticity did increase with an increase in fibre content, but the characteristic 
tensile limit of elasticity increased only up to 2.0% in fibre content and did then decrease for 2.5%, which 
can be seen in Figure 5-4. The decrease is due to a larger standard deviation between the test results from 
2.0% and 2.5%. Atis & Karahan (2009) write that evenly distribution of fibres can be hard to achieve and 
causes lower strength. Unevenly distribution of the fibres at larger fibre contents can be a reason to the 
larger standard deviation. Another reason can be larger difference in air content in the samples with 2.5% 
in fibre content, which is more discussed in Chapter 6.1.5. 

Specimens without fibres are failing in a brittle manner, according to Abbas et al. (2015) and Su et al. 
(2017), and are losing all the caring load capacity directly after the first crack (Su et al., 2017). All the 
specimens in the study were still load carrying after the first crack due to the bond strength between the 
fibres and the matrix (Wu et al., 2016). The bond strength is mostly provided by chemical bond, inter-
locking and mechanical strength from the fibre-end and friction (Wu et al., 2016). The fibres prevent the 
spread and growth of cracks and control the multiple microcracks created when the load is increased 
(Abbas et al., 2015; El-Dieb, 2009). More fibres result in closely spaced fibres which results in higher peak 
load (El-Dieb, 2009). 

Multiple drops can be seen in the load – CMOD (deformation) curve (Figure 5-2) when the load gets 
closer to the peak value and after the peak load. These drops happened when the fibres were pulled out 
from the matrix, which occurred because the carried load was larger than the bond strength between the 
steel fibres and the matrix (Abbas et al., 2015; Su et al., 2017). The load carrying capacity was increased 
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until too many fibres were pulled out and then, the load carrying capacity decreased gradually when the 
midspan deflection increased. 

All specimens had a ductility behaviour at failure with a steady drop, e.g. see Figure 5-2, which corresponds 
to Máca et al. (2013) and Abbas et al. (2015) studies.  

6.1.3 Fibre alignment  

It was discovered that the fibres were aligned in the longitudinal direction in the middle of the prisms. 
This support that a controlled casting method (cast at one end) results in a good fibre orientation along 
the flow direction. The steel fibres can easier resist the cracks generation and expansion (Yu et al., 2017; 
Yoo et al., 2016). 

6.1.4 Fracture energy 

The fracture energy was increased with a higher fibre content which corresponds to the results from Yoo 
et al. (2013) and Su et al. (2017). The increased fracture energy was due to the increased fibre bridging 
effect at higher fibre contents (Yoo et al., 2013; Su et al., 2017), which are in align with the discussed 
results from the flexural strength.  

6.1.5 Compressive strength, behaviour and modulus of elasticity 

The compressive strength of the half prisms increased at higher fibre contents, see Table 5-3. The mean 
and characteristic compressive strength for the cubes did also increase with a higher fibre content, see 
Figure 5-5, which corresponds to the results by Wille et al. (2011b), Máca et al. (2013), Yu et al. (2014), 
Abbas et al. (2015), Gesoglu et al. (2016), Su et al. (2016), Wu et al. (2016) and Su et al. (2017). More 
fibres result in better cracking resistance and improve the compressive strength (Su et al., 2016; Yu et al., 
2014). 

The highest mean and characteristic compressive strength for the cylinders was achieved at 2.0% and the 
strength decreased at a fibre content of 2.5%, see Figure 5-5. Máca et al. (2013), Yoo et al. (2013) and 
Abbas et al. (2015) showed the same behaviour at higher fibre contents. Why this happened for the cylin-
ders and not for the prisms and cubes can be due to different fibre distribution when the shape of the 
specimens is different. Yoo et al. (2016) write that the orientation of the fibres can differ depending on 
different sizes of specimens’ due to different flow-velocity profiles with varying sizes of specimens.  

The loss of strength of the cylinders can be explained by higher air content, which is achieved at higher 
fibre contents (Yu et al., 2014). As presented in Chapter 5.1.6, the cylinders had many air voids on the 
surfaces. Less workability due to higher fibre content results in thicker mixtures which lead to a higher 
amount of air voids. The higher amount of air results in less strength for the matrix and stress concentra-
tion in the voids (Máca et al., 2013; Al-Masoodi et al., 2016).  

It can be seen in Figure 5-5 that the cylinders with 2.5% fibres had the lowest characteristic compressive 
strength of all the fibre contents. The lower characteristic compressive strength is due to a larger standard 
deviation compared for the specimens with 1.5% and 2.0% fibres, i.e. higher spread in results and less 
certainty in consistent results. Endicott (2007), Bierwagen (2010) and Resplendino (2008) reported that 
2% fibres had been used in UHPFRC for bridges, which can support that 2% in fibre content is a limit 
that not should be exceeded. It can also be seen in Figure 5-5 that the difference between the cubes mean 
and characteristic compressive strength, especially for the cubes with 2.0% and 2.5% in fibre content, 
were lower than for the cylinders. The higher difference for the cylinders can also be explained by the air 
content and the uneven fibre distribution at higher fibre contents in different specimen sizes.  

The cylinders did show lower strength than the cubes, which Máca et al. (2013) did also show, which can 
be due to larger elements have a bigger chance to contain more elements with lower strength. But this has 
been theorized to be at normal strength levels (Neville, 1996). The difference in strength between larger 
and smaller elements are decreasing at higher compressive strength levels (Graybeal & Davis, 2009).  
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NF P18-470 (2016) defines some relationships between fck and fck,cube where one is 130/145, which is a 
difference of 10.3%. It can be seen from the results that the relationship for 2.0% in fibre content is 
134/146, which is a difference of 8.2%, and these results can therefore be seen as normal.  

The specimens showed a ductile behaviour at failure and were almost entirely intact, which was previously 
showed in Figure 5-6. The half prisms and the cubes showed the same behaviour and this is due to the 
fibres that can bridge over the cracks and retard crack extension which results in higher ductility (Yu et 
al., 2014; Su et al., 2017). 

As seen in Table 5-4, a small increase in modulus of elasticity was achieved at higher fibre content. This 
trend was also shown by Máca et al. (2013).  

6.1.6 Durability of UHPFRC 

Graybeal (2010) writes that UHPFRC does not have the early-age microcracks as for conventional concrete 
because UHPFRC does not contain coarse aggregates. The homogeneous cementitious matrix, which re-
sults in extremely low permeability, together with the absent of early-age microcracks results in exceptional 
durability of UHPFRC. Abbas et al. (2015) showed that UHPFRC has good durability properties due to 
its very low porosity and solid microstructure. The good durability result in less needed UHPFRC cover. 
Piérard et al. (2012) showed that UHPFRC only needs 5 mm cover, compared to conventional concrete 
that needs 65 mm, to sustain carbonation of the steel reinforcement bars over a lifetime of 100 years. The 
porosity of UHPFRC is increased with higher fibre contents, but the porosity is still lower compared to 
conventional concrete (Yu et al., 2014). 

The flexural performance of UHPFRC beams and the fibre reinforcement in them, under cycle loads and 
wetting-drying cycles with sodium chloride, do not show any degradation (Graybeal, 2010; Aarup, 2004). 
Piérard et al. (2012) write that the resistance to carbonation of UHPFRC is very high which result in 
longer protected steel fibres and steel reinforcement compared to in conventional concrete. Aarup (2004) 
explains that the low w/b ratio in the matrix includes many unhydrated cement particles. The cement 
particles react with the water that gets into the cracks and heal the cracks. Microcracks decreases over time 
due to the self-healing of the cracks. The unhydrated cement also behaves as a barrier against carbonation 
and chloride penetration because there exists almost no free water in the pores, which result in carbona-
tion at an extremely low rate. The low permeability, because of the dense matrix which results in few 
capillary pores, leads to very few freezing and thawing problems because there is no freezable water availa-
ble (Aarup, 2004). The fibres prevent the spread and growth of cracks and control the multiple mi-
crocracks, discussed in Chapter 6.1.2, which result in many multiple microcracks created under small 
loads instead of one or a number of large cracks. It can be assumed that the chloride penetration is lower 
at small cracks compared to large which further decreases the carbonation rate. 

The Lf does not have a significant effect on the durability of UHPFRC and higher fibre dosage do not 
affect the durability properties. Severe exposure of chloride ions does not affect the mechanical properties 
of UHPFRC (Abbas et al., 2015). Piérard et al. (2012) did, on the other hand, report that some of the 
fibres right at the surface can have corrosion problems but will only have an impact on the aesthetic. 

6.1.7 Classification of UHPFRC 

It is presented in NF P18-470 (2016) and P18-710 (2016), see Chapter 4.4.3, that a mixture can be classi-
fied as a UHPFRC if it shows a ductile behaviour, have a density between 2300 kg/m3 and 2800 kg/m3, 
characteristic tensile limit of elasticity over 6 MPa and the UHPFRC should have a characteristic compres-
sive strength of cylinder over 130 MPa. The mixture with 2% in fibre content fulfils the requirements 
according to NF P18-470 (2016) and can be classified as a UHPFRC-Z. None of the mixtures showed a 
characteristic compressive strength of cylinder over 150 MPa and can therefore not be classified as UHP-
FRC-S and used for design with the design standard NF P18-710 (2016). UHPFRC-Z mixtures can still be 
used in structural applications if a technical assessment procedure covers it.  
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6.2 Difference in design between UHPFRC and conventional concrete bridges 

6.2.1 Difference in design and results between the cases 

Case 2 has a slightly lower amount of total bending reinforcement in the middle of the bridge compared 
to Case 1, see Table 5-6, and this is partly due to the higher compressive force of UHPFRC, compared to 
the conventional concrete. The lower amount of reinforcement is also due to the higher effective depth 
of the resistance moment for the steel reinforcement with UHPFRC. The higher effective depth is possible 
due to smaller UHPFRC cover, which is a result of its good durability, discussed in Chapter 6.1.6, and 
that the aggregates in UHPFRC are smaller compared to in conventional concrete. The smaller aggregates 
also result in that the clear distance between the reinforcement bars can be smaller. The smaller distance 
leads to the possibility to have more reinforcement in each layer and the layers can be closer to each other 
and this result in higher moment resistance. Another reason why the total longitudinal reinforcement 
amount is slightly lower for Case 2 than for Case 1 is because no minimum and surface reinforcement are 
needed. According to TDOK 2016:0203 (2018) and SS-EN 1992-1-1:2005 (2008) should a section contain 
minimum and surface reinforcement. As long as the section fulfils the non-brittleness condition in ac-
cordance with NF P18-710 (2016) is it allowed not to use minimum and surface reinforcement. The fibres 
contribution to the non-brittleness condition of the UHPFRC results in no need of minimum or surface 
reinforcement for Case 2 and Case 3 and that is why ms,mid,b is equal to ms,mid in Table 5-6. It is possible to 
take account of the tensile part of the UHPFRC section in ULS according to NF P18-710 (2016), which 
not is the case for conventional concrete (SS-EN 1992-1-1:2005, 2008). The contribution from the tensile 
part can result in an even lower amount of bending reinforcement, but the strain was too large in Case 2 
and Case 3, i.e. the tensile part did not contribute to the moment resistance. 

Case 1 needs shear reinforcement at the support, as presented in Table 5-6. Case 2 and Case 3 does not 
need shear reinforcement, which is because of the higher compressive strength of UHPFRC and the con-
tribution of the fibres. The higher shear force resistance results in a lower utilization grade for Case 2 and 
Case 3 than for Case 1 even when no shear reinforcement is present, see Table 5-5. The no need of 
minimum and surface reinforcement at the support result in the increased difference regarding the total 
amount of steel reinforcement at the support between conventional concrete and UHPFRC.  

Even if Case 2 has lower steel reinforcement than Case 1 in the middle of the bridge and at the support 
is it not much lower and the fibre reinforcement is not included in the results in Table 5-6. It can be seen 
in Figure 5-7 that the bridge in Case 2 is slightly lighter, due to lower density, but as presented in Figure 
5-8 is the CO2 emissions from the production of cement and steel more than twice as large compared to 
Case 1, both from the support and from the middle of the bridge. The higher CO2 emissions for Case 2 
is due to a higher proportion of cement and high amount of reinforcement, if including both the steel 
bars and the fibres.  

Case 3 with optimized thickness has a higher amount of total longitudinal reinforcement in the middle 
of the bridge (see Table 5-6), but the total amount of reinforced UHPFRC is almost two times lower than 
the total amount of reinforced concrete in Case 1, see Figure 5-7. It is not unexpected that more longitu-
dinal bending reinforcement is needed when the thickness decreases. The effective depth of the section is 
decreasing and as a result of that reduces the moment resistance. To be able to have enough moment 
resistance has the longitudinal reinforcement amount be increased. The bending moment resistance is 
one of the decisive factors for Case 3, the other one is the deflection which is presented in Table 5-5. More 
bending reinforcement could be added but that would not have a large impact on the deflection and 
therefore is it not possible to make the bridge beam thinner. The high tensile stress of the UHPFRC 
resulted in that not the whole tensile part of the cross-section did crack which further resulted in a higher 
contribution to the stiffness in the deflection calculations and made it possible to make the cross-section 
as thin as it is. The higher tensile stress of the UHPFRC and the contribution of the fibres, together with 
more longitudinal reinforcement, resulted in smaller crack width for Case 3 than for Case 1, which can 
be seen in Table 5-6. It can also be seen in Table 5-6 that the bridge beam did never crack in Case 2 due 
to the high tensile stress of the UHPFRC and the contribution of the fibres. 
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The amount of CO2 emissions from Case 3 is a bit higher compared to Case 1, but not as much as from 
Case 2 and the CO2 emissions are lower from the support than from the middle of the bridge, see Figure 
5-8. The CO2 emissions are decreasing from Case 3, compared to Case2, because the CO2 from the pro-
duction of cement is less due to a smaller thickness. The decrease in CO2 emissions from Case 3 compared 
to Case 2 also shows that the CO2 emissions from the cement are decreasing more than the CO2 emissions 
increases from the increased bending reinforcement in the middle of the bridge when the thickness is 
decreasing. The CO2 emissions from the support are less compared to the middle of the bridge because 
of less amount of reinforcement. The difference in percentage of CO2 emissions between Case 3 and Case 
1 is smaller at the support compared to the middle of the bridge, which is due to less reinforcement at the 
support for Case 3 compared to Case 1. 

6.2.2 CO2 emissions from a wider perspective and impact from different design 

The results in Figure 5-8 shows the bridge with conventional concrete will result in less CO2 emissions 
from the production of cement and steel, but it is more than the production of cement and steel that 
contributes to the total CO2 emissions under the lifetime of a bridge. The bridge in Case 3 is almost two 
times lighter than the bridge with conventional concrete, i.e. almost two times less material is needed. 
Less material and lighter construction results in less CO2 emissions from the transportations to the 
worksite. According to Uppenberg (2013) is 26% of the greenhouse gas emissions, regarding the produc-
tion of infrastructure from a life-cycle perspective in Sweden, from transports/machines. According to 
Russel & Graybeal (2013) are most of the UHPFRC bridges prefabricated and the lighter UHPFRC com-
ponents to the bridges make it possible to transport longer elements and or fewer elements. The long 
prefabricated and or fewer elements also make the construction time shorter, which results in less disturb-
ance of the traffic (Endicott, 2007) and further less CO2 emissions. The prefabricating process also result 
in better control over the production process and less man-hours on the worksite (E. Rosell, personal 
communication, 29 June 2018). 

According to the studied literature the durability of UHPFRC is good, see Chapter 6.1.6. Superior dura-
bility compared to conventional concrete result in less maintenance and repairs of UHPFRC bridges (Rus-
sel & Graybeal, 2013; Piotrowski & Schmidt, 2012). Piotrowski & Schmidt (2012) write that a UHPFRC 
bridge did not need any maintenance in the first 100 years. The better durability also results in a longer 
lifetime (a total lifetime of 200 years) for UHPFRC bridges compared to conventional concrete bridges 
where also the total life-cycle costs can be lower for the UHPFRC bridges, even if the initial costs are 
higher (close to 25% higher compared to a conventional concrete bridge including both material and 
labour) (Piotrowski & Schmidt, 2012). Kim et al. (2012) report 20% less maintenance and overall con-
struction costs respectively, for a UHPFRC cable-stayed bridge compared to a conventional cable-stayed 
bridge. Longer lifetime, less maintenance and repairs result in less needed material and further lower 
amounts of CO2 emissions under the lifetime of the bridges. 

The recipe developed in this project consist of 38.2% cement, which almost is twice as much as the cement 
content in the conventional concrete and this is one reason why Case 2 and Case 3 have higher CO2 
emissions than Case 1. It exists UHPFRC recipes with less cement and still have acceptable strength, both 
the recipe developed by Wille et al. (2012) in Chapter 2.1.6 and Máca et al. (2013) in Chapter 2.1.7 
consists of approximate 31% cement. Both recipes have higher strength than the recipe developed in this 
project, no too advanced treatments were used and the lower cement content would result in less CO2 
emissions. 

It is presented in Chapter 2.2 that most of the highway/road- and footbridges bridges built with UHPFRC 
have a slim and thin shape of the cross-sections and examples of the most used shapes are bulb-tee 
beams/girders, I-girders/beams, pi-girder/beam, tee-section and box girder (Endicott, 2007; Bierwagen 
2010; Resplendino, 2008; Tanaka et al., 2011; Russel & Graybeal, 2013). The cross-sections are high 
compared to the thickness which results in a high effective depth and further a higher moment resistance. 
The thin shapes result in lighter bridges compared if they would be constructed with conventional con-
crete. In some cases, the volume reduction factor is 2.5 comparing UHPFRC and conventional concrete, 
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according to Resplendino (2008). The bridge in Case 3 has a volume reduction factor of 1.85, which can 
be seen as a reasonable result because the bridge is designed with a rectangular cross-section and non-
prestressed reinforcement. Tanaka et al. (2011) write that the composite bridge ”Horikoshi C-ramp 
bridge” in Japan only needed four I-girders with UHPFRC instead of eleven if conventional concrete 
would be used. The slim and thin shape of the cross-sections is partly due to the material properties of 
UHPFRC, e.g. high compressive and flexural strength. Another reason is that the bridges usually are pre-
stressed, mostly pretensioned (Russel & Graybeal, 2013). The high compressive strength results in that 
prestressed reinforcement is favourable to use (E. Rosell, personal communication, 29 June 2018). 

6.2.3 UHPFRC status in the Swedish construction industry 

Prestressed bridges are seldom built in Sweden due to lack of knowledge by construction companies and 
further high construction costs. It is more common with non-prestressed reinforcement in bridges in Swe-
den (E. Rosell, personal communication, 29 June 2018). UHPFRC constructions, in general, are also 
seldom built in Sweden. As far as E. Rosell knows has no construction been built with UHPFRC in 
Sweden. It can be because it has not been a need for it or the knowledge of the benefits do not exist in 
Sweden. Benefits with UHPFRC has been shown in the previous chapters, otherwise should not bridges 
been built with UHPFRC in the world and this means it probably is the knowledge that is lacking. E. 
Rosell describes a resistance from the contractors to use development concrete because of bad experience 
with “new” concretes types, e.g. self-compacting concrete (SCC), which Trafikverket did invest in, and 
fibre reinforced concrete. The contractors do not want to take a risk in projects that can delay them and 
do therefore prefer conventional concrete. E. Rosell explains the bad experience is because of poor 
knowledge about the materials in the projects and this can be why UHPFRC not have been used. Voo et 
al. (2017) and N. Johansson & M. Bäckström (personal communication, 22 December 2017) support this, 
they say it is the lack of knowledge and design codes that result in why UHPFRC not is used. The standards 
NF P18-470 (2016) and NF P18-710 (2016) is now released which increases the knowledge and engineers 
do not longer have to take a risk when designing with UHPFRC because they have a standard to rely on. 
The standards will also soon become as a draft to European standards. The standard NF P18-451 will also 
increase the knowledge but also encourage contractors to use UHPFRC when it exists a standard for 
executing of structures in UHPFRC. Another reason why UHPFRC not have been used in Sweden can 
be due to high initial investment costs in the beginning (Voo et al., 2017). The engineers and contractors 
do not look at the whole life-cycle cost which can be smaller (Russel & Graybeal, 2013; Piotrowski & 
Schmidt, 2012; Kim et al., 2012), which also is the same regarding the CO2 emissions under the whole 
lifetime for a UHPFRC bridge compared with a conventional concrete bridge. 
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7  Conclusions and future work 

The overall goal of the project in this MSc Thesis has been to increase the knowledge in Sweden about 
the production, the mechanical properties and the behaviour of UHPFRC, and the difference in design 
between UHPFRC and conventional concrete bridges. As the objectives and the goal have been fulfilled, 
conclusions can be drawn from the results and the discussion. 

The hypothesis that guided the work is: 

“A UHPFRC bridge is a feasible alternative to a conventional reinforced concrete structure bridge from 
design and material usage perspectives (reduction of CO2).” 

Based on the investigations presented in this work, is it required that the reduction of CO2 emissions is 
regarded in a wider perspective than just from the production of cement and steel to be able to confirm 
the hypothesis. The answers to the research questions and the conclusions are presented below.  

7.1 Production and mechanical properties of UHPFRC 

The stated research question within this main subject is: 

How will the steel fibre content affect the mechanical properties, which content is the most favourable and in what 
range will the fibres affect the durability? 

 It can be concluded that an increase in fibre content results in improved mechanical properties, except 
for workability and in some cases with a fibre content of 2.5%. All the mixtures had a ductile tensile 
behaviour and they were produced with predominantly local raw materials without any advanced treat-
ments. The fibre content affected the mechanical properties in the following ways:  

• The workability decreased with an increase in fibre content due to the shape of the fibres, compared 
to the aggregates, and the cohesive forces between the fibres and the matrix that are increasing 
with an increase in fibre content. The slump value for the fibre contents 0, 1.5, 2.0 and 2.5% was 
measured to be 245, 235, 225 and 215 mm, respectively. 

• The flexural strength increased with an increase in fibre content because of a better fibre bridging 
effect at higher fibre contents. The specimens showed a ductile behaviour due to the good fibre 
alignment and the bond strength between the fibres and the matrix. The flexural strength, at 28 
days, for the fibre contents 1.5, 2.0 and 2.5% were 29.4, 38.2 and 46.1 MPa, respectively. 

• The mean tensile limit of elasticity increased with an increase in fibre content. This shows that it is 
not only the matrix that takes the initial stress. The results for the fibre contents 1.5, 2.0 and 
2.5% was 6.8, 7.3 and 7.4 MPa. The characteristic tensile limit of elasticity, on the other hand, 
was largest for 2.0% fibres with a value of 6.9 MPa. 1.5 and 2.5% fibres had a value of 6.1 and 
6.6 MPa, respectively. A decrease at 2.5% in fibre content was due to a larger standard deviation 
and it was possibly the result of uneven fibre dispersion and a higher amount of air at higher fibre 
contents. 

• The fracture energy increased with an increase in fibre content due to the increased fibre bridging 
effect at higher fibre contents. The total fracture energy for the fibre contents 1.5, 2.0 and 2.5% 
was 34.7, 36.6 and 43.3 kJ/m2. 

• The compressive strength of the half prisms increased with an increase in fibre content since more 
fibres result in better cracking resistance. The result for the fibre contents 1.5, 2.0 and 2.5%, at 
28 days, was 181, 186 and 197 MPa. The mean and the characteristic compressive strength of the 
cubes did also increase with the results 149, 152 and 153 MPa for the mean values, and 140, 146 
and 149 MPa for the characteristic values for the different fibre contents. The highest mean and 
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characteristic compressive strength of the cylinders was achieved with 2.0% fibres with a result of 
144 MPa for the mean value and 134 MPa for the characteristic value. 1.5 and 2.5% fibres had a 
mean value of 138 and 141 MPa, respectively, and a characteristic value of 125 and 124 MPa, 
respectively. The decrease at 2.5% fibres for cylinders but not for cubes and prisms can be caused 
by difference in fibre distribution in different specimen shapes and by higher amount of air that 
results in less strength. Higher fibre content causes higher air amount. 

• The modulus of elasticity increased slightly with an increase in fibre content where 2.0 and 2.5% 
in fibre content showed a modulus of elasticity of 43.5 GPa. The fibre content 1.5% resulted in 
a modulus of elasticity of 43.0 GPa. When comparing all the results, it is possible to conclude 
that the modulus of elasticity is the mechanical property that is least affected by higher fibre con-
tent. 

 It can be concluded that the most favourable fibre content is with 2.0% fibres. 2.5% in fibre content 
showed higher strength in some tests (marginally in cube strength) but showed lower characteristic values 
than 2.0% in some tests due to larger standard deviation. The mean compressive strength of cylinders was 
highest for 2.0%. The characteristic compressive strength of cylinders with 2.5% fibres showed the lowest 
value among all the fibre contents, which indicates less certainty in consistent results. 2.0% in fibre con-
tent also showed better workability than 2.5% fibres and had good flexural performance. 

 It cannot be concluded in what content range the fibres will affect the durability of UHPFRC. It can, 
however, be concluded that the degradation of the fibres and further the flexural performance takes a long 
time due to the good durability of UHPFRC. The resistance to carbonation of UHPFRC is high, resulting 
in steel fibres and steel reinforcement being protected much longer than in conventional concrete. UHP-
FRC has low permeability and almost no early-age microcracks. If cracks appear, the low w/b ratio in the 
matrix results in unhydrated cement particles that heal the cracks when it comes into contact with water. 
The unhydrated cement also behaves as a barrier against carbonation and chloride penetration because 
there is almost no free water in the pores, which result in carbonation at a low rate. The low permeability 
because of the dense matrix, resulting in few capillary pores, also leads to few freezing and thawing prob-
lems since there is no freezable water available. Some fibres right at the surface can have corrosion prob-
lems but will only impact the aesthetics. 

7.2 Difference in design between UHPFRC and conventional concrete bridges 

The stated research question within this main subject is: 

Is it justifiable from an environmental point of view to produce bridges with UHPFRC instead of conventional concrete 
with non-prestressed reinforcement, regarding CO2 emissions from cement and steel used to build the bridges?  

 It can be concluded that it is not justifiable from an environmental point of view to produce bridges 
with UHPFRC instead of with conventional concrete with non-prestressed reinforcement if only the pro-
duction of cement and steel is regarded. However, if CO2 emissions are studied from a wider perspective 
and if other designs are regarded, it is possible that the answer to the research question will be different. 
This study also shows that it is favourable to optimize the thickness of a bridge produced with UHPFRC. 
Although the amount of steel reinforcement is increased in the middle of the bridge, a decreased thickness 
reduces the total CO2 emissions from the production of cement and steel. The thickness of the optimized 
bridge is 0.54 m compared to 1 m for the conventional concrete bridge (47% lighter). The use of UHPFRC 
and the standard NF P18-710 (2016) result in that no shear, minimum or surface reinforcement is needed. 
Designing with UHPFRC allows smaller UHPFRC cover and spacing distance for the reinforcement bars 
which result in higher moment resistance and further less reinforcement amount compared to conven-
tional concrete with the same thickness.  

Following is a list of conclusions regarding CO2 emissions from a wider perspective and the possible im-
pact from different designs. 
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• The CO2 emissions from the production of cement and steel are 113% higher at the middle of the 
bridge for Case 2 and 43% higher for Case 3, compared to Case 1. From the support, the CO2 
emissions are 130% higher for Case 2 and 24% higher for Case 3, compared to Case 1. The CO2 
emissions are higher for UHPFRC due to the higher amount of steel (fibre and steel reinforce-
ment) and higher cement content. This study has presented that there are recipes with less cement 
content that still has acceptable strength, which would result in less CO2 emissions. 

• Transports/machines have a high impact on the total greenhouse gas emissions from infrastructure 
projects in Sweden (26%). The bridge in Case 3 is almost twice as light as the bridge in Case 1 
which will result in less CO2 emissions from the transports of either material or prefabricated 
elements. Less or longer prefabricated elements, due to a lighter bridge, can also result in less 
traffic disturbances because of faster construction time and further less CO2 emissions. 

• The durability of UHPFRC is superior to that of conventional concrete, resulting in less mainte-
nance and a longer lifetime of a UHPFRC bridge. The lifetime is estimated to be twice as long (a 
total lifetime of 200 years) and still have a lower life-cycle cost, even if the initial costs are higher 
(close to 25% higher compared to a conventional concrete bridge, including both material and 
labour). A longer lifetime, less needed maintenance and repairs will result in less CO2 emissions. 

• By using another type of design of the bridge, e.g. a pi-girder or a box girder, the volume of UHP-
FRC and the CO2 emissions can be reduced. If prestressed reinforcement is used, which is favour-
able for UHPFRC due to the high compressive strength, it may be possible to reduce the volume 
of UHPFRC even more than in Case 3, which can result in less CO2 emissions. Case 3 has a 
volume reduction factor of 1.85, compared to conventional concrete, but it has been shown that 
it is possible to have a factor of 2.5 if a different design and prestressed reinforcement are used. 

7.3 Final conclusions of UHPFRC in the Swedish construction industry 

 Finally, it has been shown with this study that it exists benefits with UHPFRC, however it is rarely 
used in Sweden due to lack of knowledge, standards and development. There exist design standards for 
UHPFRC today, soon also a draft to European standards and a standard for executing structures that can 
encourage contractors to use UHPFRC. To make UHPFRC to a material that will be used in Sweden, 
money needs to be invested in development and real projects where contractors have some safety regarding 
time delays to encourage the use of it. The initial investment costs are higher for UHPFRC and some 
parts of the production can result in higher CO2 emissions compared to conventional concrete bridges. 
Still, engineers need to take the whole life-cycle into account. In the end, a bridge produced with UHPFRC 
can result in less investment costs and lower CO2 emissions. 

7.4 Future work 

Presented below are proposals for future work within the main subjects. 

7.4.1 Production and mechanical properties of UHPFRC 

A possible future research project may focus on improving further the recipe developed in this study. This 
study has shown (Chapter 2.1.6 and Chapter 2.1.7) that there are UHPFRC recipes that have higher 
strength and lower cement content. A UHPFRC recipe with acceptable strength but with a cement con-
tent closer to conventional concrete is a key factor to making UHPFRC a competitive material in Sweden. 

Another proposal for future research is to make new material tests in accordance with NF P18-470 (2016). 
The standards used in the material tests in this study do not cover the behaviour of UHPFRC. NF P18-
470 (2016) explains how specific mechanical properties of UHPFRC should be evaluated, e.g. post-crack-
ing strength. It is also proposed that shrinkage and creep should be tested. As described in this study, 
UHPFRC has lower creep than conventional concrete, but the shrinkage can be higher. If the tests show 
that the shrinkage is different compared to conventional concrete it would be interesting to see how that 
would affect the results of the calculations, e.g. the crack width. 
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Durability was not tested in this study. The literature describes that the durability of UHPFRC is signifi-
cantly better than that of conventional concrete, which can result in a longer lifetime and lower total life-
cycle costs. A proposal for a future study is to perform durability tests with environmental conditions that 
bridges are subjected to in Sweden. The focus of the tests should be to give a life expectancy before mainte-
nance, repairs and demolitions are needed. It would also be interesting to see in what range the steel fibres 
affect the durability.  

In this study, the mechanical properties were only tested on small specimens. It is commonly known that 
the strength decreases with larger elements (see Chapter 2.1.14). A future study would benefit from testing 
larger elements, as is recommended by NF P18-470 (2016). If larger elements are tested is it also possible 
to investigate the scale effect. 

7.4.2 Difference in design between UHPFRC and conventional concrete bridges 

Although prestressed bridges are rarely built in Sweden, a proposal for a new case study is to design a 
UHPFRC bridge with prestressed reinforcement and with French standards (NF P18-470, 2016; NF P18-
710, 2016). It is presented in Chapter 2.2 that the bridges usually have prestressed reinforcement which 
is one reason to why it is possible to have such a large volume reduction factor compared to conventional 
concrete bridges. Even though using prestressed reinforcement results in higher construction costs, com-
pared to non-prestressed, it would be interesting to know how high the volume reduction factor would 
become with UHPFRC, and if it can result in a total lower construction cost. It is also proposed that a 
different shape of the cross-section is used in the new case study. It is presented in Chapter 2.2 that most 
of the cross-sections are thin and slim and have a high cross-section compared to the thickness. By using 
prestressed reinforcement and a different cross-section, CO2 emissions can be reduced. Another proposal 
is to use finite element analysis to be able to optimize the cross-section as much as possible, and to reduce 
the material usage. 

It is concluded in this MSc Thesis that it is not enough to take into consideration only the initial CO2 
emissions and costs to determine if a UHPFRC bridge is a feasible alternative to a conventional reinforced 
concrete structure bridge. UHPFRC is a competitive material due to its low material usage and its dura-
bility. It is proposed that a LCCA and a LCA is performed with respect to the bridge industry in Sweden. 
A LCCA and a LCA are two key factors to help present UHPFRC bridges to the Swedish industry as an 
environmentally and economically friendly alternative compared to conventional concrete bridges.  
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Appendix A – Interview with E. Rosell, Trafikverket 

Ebbe Rosell is a Civil Engineer at Trafikverket (Swedish Transport Administration). He is working with 
requirement documents for construction of bridges, tunnels and similar structures. The interview was 
done by telephone on June 29, 2018. 

Three questions were asked and discussed at the interview: 

1. Have UHPFRC bridges been built in Sweden? If no, why? 
 
2. Has it been any investments in the development of UHPFRC in Sweden? 
 
3. How is the cross-section of bridges optimized today? 

Answers 

Question 1. 

UHPFRC has not been used in Sweden, i.e. no bridges have been built with it. One reason can be that 
the contractors do not want to use newly developed concrete, see Question 2. The other reason is that 
there has been no need for it or the knowledge of the benefits do not exist in Sweden. 

E. Rosell says that it can be hard to take advantage of concrete with high compressive strength if you do 
not use prestressed reinforcement. On the other hand, bridges with prestressed reinforcement are seldom 
built in Sweden today, it is more common with non-prestressed concrete bridges. It consists a small 
knowledge about prestressed reinforcement in Sweden and construction companies do usually not have 
the knowledge. Large construction companies do usually hire “special” companies with the knowledge to 
install prestressed reinforcement, which often is expensive. Contractors lack of knowledge about fibre 
reinforced concrete can also be why UHPFRC not have been used. It has been projects where fibres have 
been used but with poor results.  

E. Rosell has never seen constructions with both non-prestressed reinforcement and fibre reinforcement, 
something that could be interesting to investigate in. 

One thing that E. Rosell thinks can be interesting with UHPFRC is if it is necessary with the requirement 
of minimum reinforcement. The tensile strength is higher and the concrete does not crack completely, 
due to the fibres, when loaded. Both money and environmental impacts can be saved if no minimum 
reinforcement is required.  

Question 2. 

It has not been any investments in UHPFRC as far as E. Rosell know but the trend today in the world is 
to develop concrete. The industry wants to develop concrete, to e.g. cut down the CO2 emissions and 
make it possible to do larger prefabricated elements (easier to control the process, fewer man-hours and 
better quality). But it has been a resistance in Sweden against development from the contractors. 

Trafikverket did invest in development SCC with FA in the 1990s. They believed by using SCC would 
result in fewer man-hours on the construction site and less vibration of the concrete by the workers, which 
would lead to less vibration injuries. Unfortunately, was it problems with the materials for the SCC which 
resulted in poor concrete quality when the contractors should use it. The projects got delayed and this 
“scared” the contractors from using it again. Today are the contractors afraid to use newly developed 
concrete because it does not exist enough knowledge, of UHPFRC for example, and they want to be sure 
that everything goes as planned in the projects. Trafikverket does not want to invest too much in new 
concrete if no one will use it. The contractors prefer conventional concrete because they know it works. 

Trafikverket has stated in the requirement documents that is okay to use newly developed concrete as long 
as it fulfils the requirements, but the contractors prefer conventional concrete as discussed above. 
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Question 3. 

All bridges are optimized today, it is a question of the thickness of concrete versus the amount of rein-
forcement. The cross-sections could be thinner but that would result in more reinforcement which is not 
good in a practical view and it could also result in higher amounts of CO2 emissions. A good rule for non-
prestressed bridges is to have the thickness of the cross-section equal to 5% of the theoretical span.  
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Appendix C - Case 1: Design of bridge with conventional concrete

C.1 Calculation conditions
C.1.1 Calculation principles
kNm kN m�� 

This calculations for the bridge is with a thickness of 1 m and conventional concrete.

The bridge is placed on abutments. The free width is 6.0 m, the theoretical span is 20 m, the bridge is stright with a
constant thickness of 1.0 m (5% of the span) along the whole bridge.

The calculations will be performed by hand calculations. It is only the concrete and the reinforcement of the
superstructures (the beam) that will be designed. The required longitudinal reinforcement for the bending moment,
shear force and the crack width will be calculated at the most critical parts of the bridge and the deflection will be
checked. The amount of CO2 emissions from the production of cement and steel used for the bridge will also be
calculated, see Chapter 4.5 for methodology of the CO2 emissions.

Figure: Section. 

Figure: Elevation. 
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C.1.2 General
C.1.2.1 Bridge type
Concrete beam on abutments.

Principal dimensions
lb 20 m�� Theoretical span (lb)                       20.0 m

Free bridge width                        6.0 m
Thickness (tc) 1.0 m tc 1 m�� 

C.1.2.2 Codes
TDOK 2016:0204 (2018) v. 2 Krav Brobyggnade
TDOK 2016:0203 (2018) v. 2 Råd Brobyggande
VV Publ 2004:56 (2004)  
TRVFS 2011:12 (2011)
VVFS 2004:31 (2004)
VVFS 2004:43 (2004)
SS-EN 1990/A1:2005/AC:2010 (2010) Basis of structural design
SS-EN 1991-1-1:2002 (2009) Actions on structures - General actions
SS-EN 1991-2:2003 (2010) Actions on structures - Traffic loads on bridges
SS-EN 1992-1-1:2005 (2008) Design of concrete structures - General rules and rules for buildings

C.1.2.3 Calculation programs  
Mathcad 15
Excel

C.1.3 Construction Classes 
Service life: L100 (120 years)

γd 1� Safety class 3 (VVFS 2004:31 and VVFS 2004:43).

Exposure classes according to TDOK 2016:0203, D.1.3.2. Concrete cover according to TRVFS 2011:12, Ch. 21 Table a:

Crack width requirement according to TRVFS 2011:12, Ch. 22 Table a:

C.1.4 Material parameters 
C.1.4.1 Reinforcement, K500CT

Partial factor for reinforcement in ULS. SS-EN 1992-1-1:2005, Ch. 2.4.2.4
Tabell 2.1Nand TRVFS 2011:12, Ch. 21 1§.γs 1.15� 

fyk 500 MPa�� Characteristic reinforcement stress.

Es 200 GPa�� Design modulus of elasticity. SS-EN 1992-1-1:2005, Ch. 3.2.7 (4). 

εuk 7.5%� Characteristic ultimate strain of reinforcement. SS-EN 1992-1-1:2005, Annex C
Table C.1.
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Density of steel. SS-EN 1991-1-1:2002, 
Table A.4. ρs 78.5

kN

m3
�� 

Reinforcement dimensions and concrete cover

Longitudinal bottom reinforcement.

ϕb.l 20 mm�� 

Longitudinal top reinforcement (for minimum reinforcement). 

ϕt.l 16 mm�� 

Transverse bottom reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕb.t 16 mm�� 

Transverse top reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕt.t 16 mm�� 

Assembly reinforcement

ϕa 12 mm�� 

Shear reinforcement: 

ϕs 12 mm�� 

Concrete cover:

cnom.top 55 mm�� Concrete cover at top.

cnom.bot 35 mm�� Concrete cover at bottom.

C.1.4.2 Concrete
C35/45 Strength class.

Partial factor for compressed concrete in ULS. SS-EN 1992-1-1:2005,
Ch. 2.4.2.4  Tabell 2.1N and TRVFS 2011:12, Ch. 21 1§.γc 1.5� 

Characteristic compressive strength. 
SS-EN 1992-1-1:2005, Ch. 3.1.3 Table 3.1.fck 35 MPa�� 

Mean compressive strength.
SS-EN 1992-1-1:2005, Ch. 3.1.3 Table 3.1. fcm 43 MPa�� 

Mean tensile strength.
SS-EN 1992-1-1:2005, Ch. 3.1.3 Table 3.1. fctm 3.2 MPa�� 

  
Modulus of elasticity.
SS-EN 1992-1-1:2005, Ch. 3.1.3 Table 3.1. Ecm 34 GPa�� 

Ultimate compressive strain.
SS-EN 1992-1-1:2005, Ch. 3.1.3 Table 3.1. εcu 0.35 %�� 

Creep coefficient. SS-EN 1992-1-1:2005,
Ch. 3.1.4 Figure 3.1. φef 1.7� 
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C.1.5 Calculation system, assumptions and dimensions 
The bridge is placed on abutments and is considered as simply supported. The calculations will be performed on 1 m
strip. The only loads that will act on the bridge is vertikal loads. It is only the longitudinal reinforcement that will be
designed. See Chapter 4.2 and 1.4.2 for more information.

Figure: The bridge described as simply supported.

lb 20.00m Length of the bridge.

b 1 m�� The calculations will be performed on 1 m strip. 

tc 1.00m Thickness of the beam.

tpav 0.1 m�� Thickness of pavement.

wc 6.0 m�� Free width.
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C.2 Loads
The only loads that are acting on the bridge are the dead load from concrete, pavement and railing and one variable load,
traffic with Load Model 1 (LM1).

C.2.1 Dead loads
C.2.1.1 Concrete 

Density of concrete with reinforcement. SS-EN
1991-1-1:2002, Table A.1. ρc 25

kN

m3
�� 

qc ρc tc�� Dead load from concrete. qc 25.00
kN

m2
� 

C.2.1.2 Pavement 

ρpav 25
kN

m3
�� Density of pavement. 24-25 kN/m3,

SS-EN 1991-1-1:2002, Table A.6. 

qpav ρpav tpav�� Dead load from pavement. qpav 2.50
kN

m2
� 

C.2.1.3 Railing 

Qr 0.5
kN

m
�� Assumed dead load from railing.

qr
Qr 2�

6 m�
� Dead load from railing from both sides

divided with the width.
qr 0.17

kN

m2
� 

C.2.2 Variable load - Traffic load
C.2.2.1 Carriageways
The bridge is divided into traffic lanes according to SS-EN 1991-2:2003, Ch. 4.2.3 (2).

w 6 m�� Total width of carriageway, total two lanes.

w1 3 m�� Width of lane 1.

w2 3 m�� Width of lane 2.

wr 0 m�� Width of residual area.

C.2.2.2 Adjustment factors
The loads from LM1 should be adjusted according to TRVFS 2011:12, Ch. 6 4§ Table 7.1. 

Adjustment factors for double-axle concentrated loads (tandem system:TS): 

βQ1 0.9� Lane 1.

βQ2 0.9� Lane 2.

Adjustment factors for uniformly distributed loads: 

βq1 0.8� Lane 1. See TDOK 2016:0204, Ch. B.3.2.1.3 e.a.

βq2 1� Lane 2.
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C.2.2.3 LM1
The bridge will be loaded with one double-axle concentrated load (TS) and one uniformly distributed load (UDL), according
to SS-EN 1991-2:2003, Ch. 4.3.2.   

Tandem system - TS

The bridge is subjected to two axle loads per lane, according to SS-EN 1991-2:2003, Ch. 4.3.2 Table 2 and Figure 4.2a,
presented in the Figure below.

Figure: TS loads.

Q1k 300 kN�� Axle load on lane 1.

Q2k 200 kN�� Axle load on lane 2.

Q1k.β Q1k βQ1�� Axle load on lane 1 with adjustment factor. Q1k.β 270.00 kN� 

Q2k.β Q2k βQ2�� Axle load on lane 2 with adjustment factor. Q2k.β 180.00 kN� 

Only Q1kα is used in the calculations due to the fact that this axle load is the largest, safe side. The load is applied on one
lane (3 m).  

QTS
Q1k.β
3 m�

� Total axle load for one axle. Divide by 3 m
to get the load per 1 m strip.

QTS 90.00
kN

m
� 

The axle loads can act anywhere on the bridge, described in the Figure below, with a distance of 1.2 m between them.

Figure: TS loads acting along the bridge.
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Uniformly distributed load - UDL

The bridge is subjected to two different uniformly distributed loads, one on each lane, according to SS-EN 1991-2:2003,
Ch. 4.3.2 Table 2 and Figure 4.2a. The loads are presented in the Figure below.

Figure: UDL loads.

q1k 9
kN

m2
�� UDL on lane 1.

q2k 2.5
kN

m2
�� UDL on lane 2.

q1k.β q1k βq1�� UDL on lane 1 with adjustment factor. q1k.β 7.20
kN

m2
� 

q2k.β q2k βq2�� UDL on lane 2 with adjustment factor. q2k.β 2.50
kN

m2
� 

Only q1kα is used in the calculations due to the fact that this load is the largest, safe side. The load is applied on one lane
(3 m).  

qUDL
q1k.β 3� m

3m
� UDL for design. Divide by 3 m

to get the load per 1 m strip.
qUDL 7.20

kN

m2
� 

C.2.3 Load combinations
The load combinations  ULS 6.10a and  ULS 6.10b will be used to design the longitudinal bending reinforcement and
shear reinforcement.
 SLS - quasi-permanent load combination will be used to check the crack width.
 SLS - frequent load combination will be used to check the deflection.
The load combinations will be calculated according to TRVFS 2011:12 and SS-EN 1990/A1:2005/AC:2010.
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C.3 Strength
C.3.1 Reinforcement

Design reinforcement stress. 
SS-EN 1992-1-1:2005, Ch. 3.2.7 Figure 3.8.fyd

fyk

γs
� fyd 434.78 MPa� 

Design reinforcement stress.
SS-EN 1992-1-1:2005, Ch. 3.2.7 Figure 3.8.εys

fyd

Es
� εys 0.22 %� 

εud 0.9 εuk�� SS-EN 1992-1-1:2005, Ch. 3.2.7 (2). εud 6.75 %� 

C.3.2 Concrete
αcc 1� Coefficient. TRVFS 2011:12, Ch. 22 2§.

Design compressive strength.
SS-EN 1992-1-1:2005, Eq. (3.15).fcd

αcc fck�

γc
� fcd 23.33 MPa� 
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C.4 Longitudinal bending reinforcement
The bending reinforcement will be designed in the middle of the bridge where the moment is largest. All design are
calculated for 1 m strip.

C.4.1 Acting moments
C.4.1.1 Dead loads
Concrete 

qc 25.00
kN

m2
� 

Mc
qc b� lb

2�

8
� Moment in the middle from concrete. Mc 1250.00 kNm� 

Pavement 

qpav 2.50
kN

m2
� 

Mpav
qpav b� lb

2�

8
� Moment in the middle from pavement. Mpav 125.00 kNm� 

Railing 

qr 0.17
kN

m2
� 

Mr
qr b� lb

2�

8
� Moment in the middle from railing. Mr 8.33 kNm� 

C.4.1.2 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS 90.00
kN

m
� 

MTS QTS b�
lb

2
0.6m�

§
¨
©

·
¸
¹

�� Moment in the middle from TS loads. MTS 846.00 kNm� 
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UDL

qUDL 7.20
kN

m2
� 

MUDL
qUDL b� lb

2�

8
� Moment in the middle from UDL. MUDL 360.00 kNm� 

C.4.2 Design moments - ULS
ψ0_TS 0.75� Factor for combination value for TS.

ψ0_UDL 0.4� Factor for combination value for UDL.

ULS 6.10a

MEd.ULS_6.10a γd 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� ψ0_TS MTS� ψ0_UDL MUDL��� ���� 

MEd.ULS_6.10a 3052.13 kNm� 

ULS 6.10b

MEd.ULS_6.10b γd 0.89� 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� MTS MUDL�� ���� 

MEd.ULS_6.10b 3486.09 kNm� 

MEd.ULS max MEd.ULS_6.10a MEd.ULS_6.10b��� �� MEd.ULS 3486.09 kNm� 

C.4.3 Bending reinforcement design

fyd 434.78 MPa� fcd 23.33 MPa� tc 1.00m ϕb.l 20.00 mm� ϕt.l 16.00 mm� ϕb.t 16.00 mm� 

ϕt.t 16.00 mm� ϕs 12.00 mm� ϕa 12.00 mm� εys 0.22 %� εcu 0.35 %� 

Clear distance and minimum spacing of bars

K1 1� SS-EN 1992-1-1:2005, Ch. 8.2 (2).

K2 5� SS-EN 1992-1-1:2005, Ch. 8.2 (2).

dg 32 mm�� Maximum size of aggregate, assume 32 mm for conventional concrete.

Clear distance. SS-EN
1992-1-1:2005, Ch. 8.2 (2).emini max K1 20� mm dg K2 mm���� 20mm��� �� emini 37.00 mm� 

emini.1 40 mm�� Clear distance used for design.

sd ϕb.l emini.1�� Minimum spacing distance. sd 60.00 mm� 

Effective depth

Assume two layers in the bottom.

d1 tc cnom.bot� ϕa� max ϕs ϕb.t��� ��
ϕb.l

2
�� d1 927.00 mm� 

d2 tc cnom.bot� ϕa� max ϕs ϕb.t��� �� ϕb.l� emini.1�
ϕb.l

2
�� d2 867.00 mm� 
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Reinforcement

The stress and strain distribution and the section forces is described in the Figure below. It is assumed that the
reinforcement has yield and the reinforcement stress is at fyd. It is assumed that the concrete strain is at ultimate
compressive strain.

Figure: Stress and strain distribution and forces of the cross-section in ULS when fck < 50 MPa according to
SS-EN 1992-1-1:2005, Ch. 3.1.7 (3) and Figure 3.5.

Assumed reinforcement area in the first layer.
Maximum area with respect to minimum spacing
distance.

As.b.1
π ϕb.l2�

4 sd�
m� As.b.1 5235.99 mm2� 

Assumed reinforcement area in the
second layer.As.b.2 4800mm2� 

x 233.7575 mm�� Assummed compressive depth.

Assume that the compressive strain is at ultimate
compressive strain. εcu 0.35 %� 

Compressive concrete:

Fcc fcd 0.8� x� b�� Compressive concrete force. Fcc 4363.47 kN� 

xcc x
0.8 x�

2
§̈
©

·̧
¹

�� Lever arm to the neutral axis. xcc 140.25 mm� 

Reinforcement, first layer:

Fs.1 fyd As.b.1�� Force of the reinforcement. Fs.1 2276.52 kN� 

xs.1 d1 x�� Lever arm to the neutral axis. xs.1 693.24 mm� 

Reinforcement, second layer:

Fs.2 fyd As.b.2�� Force of the reinforcement. Fs.2 2086.96 kN� 

xs.2 d2 x�� Lever arm to the neutral axis xs.2 633.24 mm� 

The horizontal equilibrium between the forces should be zero to be able to calculate the moment resistance :

Fcc Fs.1� Fs.2� 0.40 N� OK, close enough. 
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Check minimum reinforcement:

As.min1 max

4 cm2�

4 3.2�

3
cm2�

0.08 %� b� tc�

§̈
¨
¨
¨
©̈

·̧
¸
¸
¸
¹̧

§̈
¨
¨
¨
©̈

·̧
¸
¸
¸
¹̧

� Minimum surface reinforcement . TDOK
2016:0204, Ch. D.1.4.1.1.

As.min1 800.00 mm2� 

Minimum  tension reinforcement .
SS-EN 1992-1-1:2005, Ch. 9.2.1.1.As.min2 max

0.26
fctm

fyk
� b� d1�

0.0013 b� d1�

§
¨
¨
¨
©

·
¸
¸
¸
¹

§
¨
¨
¨
©

·
¸
¸
¸
¹

� As.min2 1542.53 mm2� 

As.r max As.b.1 As.b.2�� � As.min1�� As.min2��ª¬ º¼� Required reinforcement area in the bottom. As.r 10035.99 mm2� 

As.t.r As.min1� Required reinforcement area in the top. As.t.r 800.00 mm2� 

Check spacing distance:

Spacing distance in second layer. 
minimum: sd = 60 mm.
Max 300 mm according to 
TDOK 2016:0204, Ch. D.1.4.1.1. 

sb.2
π ϕb.l2�

4 As.b.2�
m�� sb.2 65.45 mm� 

OK! 

Spacing distance for minimum surface 
reinforcement. Max 300 mm according to 
TDOK 2016:0204, Ch. D.1.4.1.1.

st
π ϕt.l2�

4 As.min1�
m� st 251.33 mm� 

OK! 

Strain of the reinforcement in the first layer with 
uniform triangles in the Figure above.εs.1

εcu d1 x�� ��

x
� εs.1 1.04 %� 

Controll the strain limits of reinforcement:

Controllstrain.layer1 "Normal reinforced" εys εs.1� εs.1 εud��if

"Not normal reinforced" otherwise

� 
Controllstrain.layer1 "Normal reinforced" 

MRd Fcc xcc� Fs.1 xs.1�� Fs.2 xs.2��� Design moment resistance. MRd 3511.72 kNm� 

Utilization grade of bending
moment resistance.ηbending

MEd.ULS

MRd
� ηbending 0.993 

Reinforcement area and amount

Required flexural reinforcement area per 1 m strip:

As.r 10035.99 mm2� 

Longitudinal reinforcement area per 1 m strip, including required flexural reinforcement and required minimum
surface reainforcement in the top:

As As.r As.t.r�� As 10835.9878 mm2� 
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Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b As.r 6�
ρs

9.81 N�
� kg�� ms.mid.b 481.85

kg

m
� 

Total longitudinal reinforcement amount on the whole width and per longitudinal m:

ms.mid As 6�
ρs

9.81 N�
� kg�� ms.mid 520.26

kg

m
� 
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C.5 Shear reinforcement
The shear force does not need to be checked at a distance less than d from the support when the member is
predominantly subjected of uniformly distributed load, according to SS-EN 1992-1-1:2005, Ch. 6.2.1 (8). The first axle load
will therefore be placed at a distance d from the support. The shear reinforcement, on the other hand, will be designed for
the shear force at the support where the shear force is largest, which are on the safe side. The reduction described in
SS-EN 1992-1-1:2005, Ch. 6.2.2 (6) will be neglected. All design are calculated for 1 m strip.

C.5.1 Acting shear forces
C.5.1.1 Dead loads
Concrete 

qc 25.00
kN

m2
� 

Vc
qc b� lb�

2
� Shear force at support from concrete. Vc 250.00 kN� 

Pavement 

qpav 2.50
kN

m2
� 

Vpav
qpav b� lb�

2
� Shear force at support from pavement. Vpav 25.00 kN� 

Railing 

qr 0.17
kN

m2
� 

Vr
qr b� lb�

2
� Shear force from railing. Vr 1.67 kN� 

C.5.1.2 Variable load - Traffic load
TS

The axle loads are placed at the support as discribed in the Figure below.

Figure: TS loads at the support.

QTS 90.00
kN

m
� 

The effective depth is (the distance from the support where the first load is
placed) used for the first layer because it is assumed that only minimum
reinforcement is used close to the support.

d1 927.00 mm� 
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VTS
QTS b� 2 lb� 2 d1�� 1.2 m��� ��

lb
� Shear force at support from TS loads. VTS 166.26 kN� 

UDL

qUDL 7.20
kN

m2
� 

VUDL
qUDL b� lb�

2
� Shear force at support from UDL. VUDL 72.00 kN� 

C.5.2 Design shear - ULS
ψ0_TS 0.75 Factor for combination value for TS.

ψ0_UDL 0.40 Factor for combination value for UDL.

ULS 6.10a

VEd.ULS_6.10a γd 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� ψ0_TS VTS� ψ0_UDL VUDL��� ���� 

VEd.ULS_6.10a 607.11 kN� 

ULS 6.10b

VEd.ULS_6.10b γd 0.89� 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� VTS VUDL�� ���� 

VEd.ULS_6.10b 692.80 kN� 

VEd.ULS max VEd.ULS_6.10a VEd.ULS_6.10b��� �� VEd.ULS 692.80 kN� 

C.5.3 Shear reinforcement design
fyd 434.78 MPa� fcd 23.33 MPa� fck 35.00 MPa� tc 1.00m d1 927.00 mm� ϕs 12.00 mm� 

b 1.00m 

C.5.3.1 Members not requiring design shear reinforcement

k min
1

200mm

d1
�

2.0

§̈

¨
¨
©

·̧

¸
¸
¹

§̈

¨
¨
©

·̧

¸
¸
¹

� SS-EN 1992-1-1:2005, Ch. 6.2.2 (1). k 1.46 

Area of tensile reinforcement,
minimum reinforcement in
the section at the support. 

Asl As.min2 1542.53 mm2� � 

ρl min

Asl

b d1�

0.02

§
¨
¨
¨
©

·
¸
¸
¸
¹

§
¨
¨
¨
©

·
¸
¸
¸
¹

� SS-EN 1992-1-1:2005, Ch. 6.2.2 (1). ρl 0.0017 

σcp 0� No axial force. SS-EN 1992-1-1:2005,
Ch. 6.2.2 (1). 

CRd.c
0.18

γc
� CRd.c 0.12 SS-EN 1992-1-1:2005, Ch. 6.2.2 (1).

k1.s 0.15� SS-EN 1992-1-1:2005, Ch. 6.2.2 (1).
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vmin 0.035 k

3
2�

fck

MPa

§
¨
©

·
¸
¹

1
2

� MPa�� SS-EN 1992-1-1:2005, Ch. 6.2.2 Eq. (6.3N). vmin 0.37 MPa� 

VRd.c.1 CRd.c k� 100 ρl�
fck

MPa
�

§
¨
©

·
¸
¹

1
3

� MPa� k1.s σcp��

ª«
«
«¬

º»
»
»¼
b� d1�� Shear force resistance. SS-EN 1992-1-1:2005,

Ch. 6.2.2 Eq. (6.2.a).

VRd.c.1 293.10 kN� 

VRd.c.2 vmin k1.s σcp��� � b� d1�� Shear force resistance. SS-EN 1992-1-1:2005, Ch. 6.2.2 Eq. (6.2.b).

VRd.c.2 340.18 kN� 

VRd.c max VRd.c.1 VRd.c.2��� �� VRd.c 340.18 kN� 

Controllwithout.shear.r "Not requiring shear reinforcement" VEd.ULS VRd.c�if

"Requiring shear reinforcement" otherwise

� 

Controllwithout.shear.r "Requiring shear reinforcement" 

C.5.3.2 Members requiring design shear reinforcement

1 cotθd 2.5d The angle θ is the angle between the concrete compression strut and the 
beam axis perpendicular to the shear face. The condition should be fulfilled
according to SS-EN 1992-1-1:2005, Ch. 6.2.3 (2) and TRVFS 2011:12, Ch. 21 8§.cotθ 2.5� 

tanθ 1

2.5
� 

It is assumed that it will be two stirrups per 1 m strip.
Non-prestressed. SS-EN
1992-1-1:2005, Ch. 6.2.3 Eq. (6.11.aN). αcw 1� 

z 0.9 d1�� Inner lever arm. SS-EN 1992-1-1:2005,
Ch. 6.2.3 (1).

z 834.30 mm� 

v1 0.6 1
fck

250 MPa�
�

§
¨
©

·
¸
¹

�� Strength reduction factor. 
SS-EN 1992-1-1:2005, Ch. 6.2.2 Eq. (6.6N).

v1 0.52 

VRd.max
αcw b� z� v1� fcd�

cotθ tanθ�
� Maximum shear force,

SS-EN 1992-1-1:2005, Ch. 6.2.3 Eq. (6.9).
VRd.max 3463.78 kN� 

Controllshear.r "OK" VEd.ULS VRd.max�if

"NOT OK" otherwise

� Controllshear.r "OK" 
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Check required spacing of the stirrups:

Asw.c 2 2�
π ϕs2�

4

§̈

©̈

·̧

¹̧
�� Cross-sectional area of the shear reinforcement. Asw.c 452.39 mm2� 

Spacing of frames or stirrups.
SS-EN 1992-1-1:2005, Ch. 6.2.3 Eq. (6.8).ss

Asw.c z� fyd� cotθ�

VEd.ULS
� ss 592.16 mm� 

Check maximum spacing of the stirrups:

ρw.min
0.08

fck

MPa
� MPa�

fyk
� SS-EN 1992-1-1:2005, Ch. 9.2.2 Eq. (9.5N). ρw.min 0.0009 

α 90� α is the angle between shear reinforcement and the longitudinal axis. Only
vertical stirrups, α=90. SS-EN 1992-1-1:2005, Ch. 9.2.2 (5).

sinα 1� 

ss.max.1
Asw.c

ρw.min b� sinα�
� ss.max.1 477.92 mm� SS-EN 1992-1-1:2005, Ch. 9.2.2 Eq. (9.4). 

cotα 0� Only vertical stirrups, α=90.

ss.max.2 0.75 d1� 1 cotα�( )�� SS-EN 1992-1-1:2005, Ch. 9.2.2 (6) Eq. (9.6N) 
and TRVFS 2011:12, Ch. 21 18§. 

ss.max.2 695.25 mm� 

The design shear reinforcement spacing is the minimum value of ss, ss.max.1 and ss.max.2.

ss.d min ss ss.max.1�� ss.max.2��� �� ss.d 477.92 mm� 

Capacity of design shear reinforcement:

VRd.total
Asw.c z� fyd� cotθ�

ss.d
� Design shear force resistance. VRd.total 858.40 kN� 

ηshear
VEd.ULS

VRd.total
� Utilization grade of shear force resistance. ηshear 0.81 
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Shear reinforcement area and amount

Figure: Longitudinal view of stirrups. Figure: Cross-sectional view of stirrups.

Area of shear reinforcement at the support per 1 m strip and 1 longitudinal m:

Asw 2 2�
π ϕs2�

4

1000

ss.d
� mm�� Asw 946.57 mm2� 

Total shear reinforcement amount on the whole width per longitudinal m. Assume a lap of tc/2:

msw 6Asw 450mm tc cnom.bot� cnom.top� ϕa�� ��
tc

2
�

ª
«
¬

º
»
¼

�
ρs

9.81 N�
�

kg

m
�� msw 83.99

kg

m
� 

Total amount of reinforcement at support

This amount includes all reinforcement at the support, including minimum longitudinal reinforcement in the bottom and
required minimum surface reainforcement in the top, on the whole width per longitudinal m:

ms.sup As.t.r Asl�� � 6�
ρs

9.81N
� kg�

ª
«
¬

º
»
¼

msw�� ms.sup 196.46
kg

m
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C.6 Crack control
The crack control will be checked in the middle of the bridge where the moment is largest. All design are calculated for 1 m
strip. It is assumed that the cross-section is uncracked if the tensile stress does not exceed fct,eff, according to SS-EN
1992-1-1:2005, Ch. 7.1 (2). fct,eff may be taken as fctm,fl. The tensile stress will first be controlled and if it exceeds fct,eff, 
will the crack width be controlled.

C.6.1 Acting moments
C.6.1.1 Dead loads

Mc 1250.00 kNm� Moment in the middle from concrete.

Mpav 125.00 kNm� Moment in the middle from pavement.

Mr 8.33 kNm� Moment in the middle from railing.

C.6.2 Design moments - SLS-QP
MEd.SLS_QP 1.0 Mc� 1.0 Mr�� 1.1 Mpav��� 

MEd.SLS_QP 1395.83 kNm� 

C.6.3 Verification of crack 
b 1.00m Ecm 34.00 GPa� φef 1.70 As.r 10035.99 mm2� fctm 3.20 MPa� tc 1.00m 

Es 200.00 GPa� 

C.6.3.1 Transformed moment of inertia
The moment of inertia is transformed due to the reinforcement. Assume uncracked stage (stage 1).

Ac b tc�� The concrete´s gross area. Ac 1.00 m2� 

Effective modulus of elasticity of UHPFRC,
regarding creep. Eef

Ecm

1 φef�
� Eef 12.59 GPa� 

αc
Es

Eef
� Ratio. αc 15.88 

Ic
b tc

3�

12
� Moment of inertia. Ic 8.33 1010u mm4� 

y
tc

2
� Centre of gravity. y 500.00 mm� 

Atr Ac αc 1�� � As.b.2 As.b.1�� ���� Transformed cross-section area. Atr 1.15 m2� 

ytr
Ac y� αc 1�� � As.b.1 d1� As.b.2 d2��� ��

Atr
� Transformed centre of gravity from the top. ytr 551.76 mm� 

Transformed moment of inertia:

Itr Ic Ac y ytr�� �2�� αc 1�� � As.b.1 d1 ytr�� �2� As.b.2 d2 ytr�� �2��ª
¬

º
¼��� Itr 1.04 1011u mm4� 
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C.6.3.2 Crack verification

fctm.fl max
1.6

tc

1000 mm�
�

§
¨
©

·
¸
¹
fctm�

fctm

ª
«
«
«
¬

º
»
»
»
¼

ª
«
«
«
¬

º
»
»
»
¼

� Mean flexural tensile strength 
SS-EN 1992-1-1:2005, Ch. 3.1.8 Eq. (3.23).

fctm.fl 3.20 MPa� 

fct.eff fctm.fl� Maximum flexural tensile stress. fct.eff 3.20 MPa� 

σct
MEd.SLS_QP

Itr
tc ytr�� ��� Maximum tensile stress in the bottom. σct 6.01 MPa� 

Controllcrack "Not cracked" σct fct.eff�if

"Cracked" otherwise

� 
Controllcrack "Cracked" 

C.6.4 Crack width control
wk 0.2 mm�� Crack width requirement according to TRVFS 2011:12, Ch. 22 Table a.

Crack width controll according to SS-EN 1992-1-1:2005, Ch. 7.3.4:

C.6.4.1 Effective area of concrete
The effective concrete area is calculated according to SS-EN 1992-1-1:2005, Ch. 7.3.2.

Figure: Effective concrete area according to SS-EN 1992-1-1:2005, Ch. 7.3.2. Figure 7.1.
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The distance from the top of the compressed 
part to the level of the reinforcements
centroid.

d
As.b.1 d1� As.b.2 d2��

As.b.1 As.b.2�
� d 898.30 mm� 

xSLS
αc� As.r�

b

αc As.r�� �2

b2
2

αc As.r� d�

b
���� Compressed depth. xSLS 398.97 mm� 

Effective height. SS-EN
1992-1-1:2005, Ch. 7.3.2 (3).hc.ef min

2.5 tc d�� ��

tc xSLS�

3

tc

2

ª
«
«
«
«
«
«
¬

º
»
»
»
»
»
»
¼

ª
«
«
«
«
«
«
¬

º
»
»
»
»
»
»
¼

� hc.ef 200.34 mm� 

Ac.eff b hc.ef�� Effective concrete area. SS-EN
1992-1-1:2005, Ch. 7.3.2 (3).

Ac.eff 200341.69 mm2� 

C.6.4.2 Crack width verification

Maximum crack spacing. SS-EN 1992-1-1, Ch. 7.3.4 Eq. (7.11).

k1 0.8� Assume high bond bars. SS-EN 1992-1-1, Ch. 7.3.4 (3).

k2 0.5� Bending. SS-EN 1992-1-1, Ch. 7.3.4 (3).

k3
7 ϕb.l�

cnom.bot
4.00 � TRVFS 2011:12, Ch. 21 13§. 

Recommended value in SS-EN 1992-1-1, Ch. 7.3.4 (3), is used according to
TRVFS 2011:12, Ch. 21 13§.k4 0.425� 

SS-EN 1992-1-1, Ch. 7.3.4 Eq. (7.10).

Ap 0� No post- or pretensioned reinforcement.

ρp.eff
As.r

Ac.eff
� ρp.eff 0.05 

sr.max k3 cnom.bot�
k1 k2� k4� ϕb.l�

ρp.eff
�� sr.max 207.87 mm� αe

Es

Ecm
� Ratio , SS-EN 1992-1-1, Ch. 7.3.4 (2). αe 5.88 

kt 0.4� Long term loading. SS-EN 1992-1-1, Ch. 7.3.4 (2). 

σs
MEd.SLS_QP

As.r d
xSLS

3
�

§
¨
©

·
¸
¹

�

� Stress in reinforcement in SLS-QP. σs 181.73 MPa� 
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εsm_εcm max

σs kt
fct.eff

ρp.eff
� 1 αe ρp.eff��� ���

ª«
«¬

º»
»¼

Es

0.6
σs
Es
�

ª«
«
«
«
«
«
«¬

º»
»
»
»
»
»
»¼

ª«
«
«
«
«
«
«¬

º»
»
»
»
»
»
»¼

� SS-EN 1992-1-1, Ch. 7.3.4 Eq. (7.9). εsm_εcm 0.0007 

wt.b sr.max εsm_εcm�� Crack width. SS-EN 1992-1-1, 
Ch. 7.3.4 Eq. (7.9). 

wt.b 0.15 mm� 

ηcrack.width
wt.b

wk
� Utilization grade of crack width. ηcrack.width 0.77 
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C.7 Deflection
The deflection will be checked in the middle of the bridge where the deflection is largest. The deflection is  c alculated for the
 whole width and not for a 1 m strip. It is assumed that the cross-section is uncracked if the tensile stress does not exceed
fct,eff, according to SS-EN 1992-1-1:2005, Ch. 7.1 (2).

C.7.1 Acting loads
C.7.1.1 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS.w Q1k.β Q2k.β�� TS load on the whole width. QTS.w 450.00 kN� 

a
lb

2
0.6m� 9.40m � Distance from the support to the first TS load.

UDL Moment in the middle from TS loads,
on the whole width.MTS.w QTS.w

lb

2
0.6m�

§
¨
©

·
¸
¹

�� MTS.w 4230.00 kNm� 

UDL

qUDL.w q1k.β w1� q2k.β w2��� qUDL.w 29.10
kN

m
� UDL on the whole width.

Moment in the middle from UDL,
on the whole width.MUDL.w

qUDL.w lb
2�

8
� MUDL.w 1455.00 kNm� 

C.7.2 Design loads - SLS-F
The vertical deflection should be checked for variable load, traffic load, according to TDOK 2016:0204.  

ψ1_TS 0.75� Factor for combination value for TS.

ψ1_UDL 0.4� Factor for combination value for UDL.

QTS.Ed.SLS_F ψ1_TS QTS.w�� Design TS load on the whole width. QTS.Ed.SLS_F 337.50 kN� 

qUDL.Ed.SLS_F ψ1_UDL qUDL.w�� Design UDL on the whole width. qUDL.Ed.SLS_F 11.64
kN

m
� 

MEd.SLS_F ψ1_TS MTS.w� ψ1_UDL MUDL.w��� Design moment on the whole width. MEd.SLS_F 3754.50 kNm� 
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C.7.3 Deflection control
lb 20.00m fct.eff 3.20 MPa� tc 1.00m As.r 10035.99 mm2� αe 5.88 Ecm 34.00 GPa� 

wc 6.00m d1 927.00 mm� d2 867.00 mm� 

The deflection from the traffic loads should not exceed L/400. 

δmax
lb

400
50.00 mm� � Maximum deflection according to TDOK 2016:0204, Ch. B.3.4.2.2.

First will the tensile stress of the concrete be calculated to see if the section is cracked or not. If the section is uncracked
will the deflection be calculated for stage 1. If the section has cracked will the deflection be calculated for stage 2.

C.7.3.1 Transformed moment of inertia
The moment of inertia is transformed due to the reinforcement and is for the whole width and the uncrakced section.

Ac.w.1 wc tc�� The UHPFRC´s gross area. Ac.w.1 6.00 m2� 

As.w.1 As.b.1 6�� The tensile reinforcement area for the first layer. As.w.1 31415.93 mm2� 

The tensile reinforcement area for the second
layer.As.w.2 As.b.2 6�� As.w.2 28800.00 mm2� 

Ic.w.1
wc tc

3�

12
� Moment of inertia. Ic.w.1 5.00 1011u mm4� 

y 500.00 mm� Centre of gravity.

Atr.w.1 Ac.w.1 αe 1�� � As.w.1 As.w.2�� ���� Transformed cross-section area. Atr.w.1 6.29 m2� 

ytr.w.1
Ac.w.1 y� αe 1�� � As.w.1 d1� As.w.2 d2��� ��

Atr.w.1
� Transformed centre of gravity from the top. ytr.w.1 518.60 mm� 

Transformed moment of inertia:

Itr.w.1 Ic.w.1 Ac.w.1 y ytr.w.1�� �2�� αe 1�� � As.w.1 d1 ytr.w.1�� �2� As.w.2 d2 ytr.w.1�� �2��ª
¬

º
¼��� Itr.w.1 5.45 1011u mm4� 

C.7.3.2 Control crack

σct.w
MEd.SLS_F

Itr.w.1
tc ytr.w.1�� ��� Maximum tensile stress in the bottom. σct.w 3.32 MPa� 

Controllcrack.w "Not cracked" σct.w fct.eff�if

"Cracked" otherwise

� 
Controllcrack.w "Cracked" 
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C.7.3.3 Deflection at stage 2 - cracked section
The moment of inertia for stage 2 can be taken as 60% of the moment of inertia for stage 1, according to VV 2004:56. VV
2004:56 is an old code but it is practice to use this value even today according to the Civil Engineer J. Westerdahl (personal
communication, 29 August 2018).

Itr.w.2 Itr.w.1 0.6�� Transformed moment of inertia,
stage 2. VV 2004:56 Ch. 42.33. 

Itr.w.2 3.27 1011u mm4� 

δ2.TS 2
QTS.Ed.SLS_F a� 3 lb

2� 4 a2��§
©

·
¹�

48 Ecm� Itr.w.2�
�� Deflection at stage 2 from the TS loads. δ2.TS 10.07 mm� 

δ2.UDL
5 qUDL.Ed.SLS_F� lb

4�

384 Ecm� Itr.w.2�
� Deflection at stage 2 from UDL. δ2.UDL 2.18 mm� 

δ2 δ2.TS δ2.UDL�� Total deflection of stage 2. δ2 12.25 mm� 

C.7.3.4 Total deflection

δtot δ2� Total deflection. δtot 12.25 mm� 

ηdeflection
δtot

δmax
� Utilization grade of deflection. ηdeflection 0.245 
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C.8 C02 emissions
See Chapter 4.5 for the methodology.

CO2.c 0.9� kg CO2 emissions per kg cement. 

CO2.s 1.9� kg CO2 emissions per kg steel. 

C.8.1 Amount of cement and steel
C.8.1.1 Cement

mc tc wc� ρc 1
kN

m3
�§

¨
©

·
¸
¹

�
1

9.81N
� kg�� Total amount of concrete on 

the whole width per longitudinal m.
mc 14678.90

kg

m
 

cm 0.194� Cement content.

mcm mc cm�� Amount of cement. mcm 2847.71
kg

m
 

C.8.1.2 Steel
Total amount of steel on the whole width per 
longitudinal m at the middle of the bridge.ms.mid 520.26

kg

m
 

Total amount of steel on the whole width per 
longitudinal m at the support.ms.sup 196.46

kg

m
 

C.8.2 Amount of CO2 emissions
C.8.2.1 In the middle of the bridge

mCO2.mid mcm CO2.c� ms.mid CO2.s��� Amount of CO2  from 
the middle of the bridge.

mCO2.mid 3551.43
kg

m
 

C.8.2.2 At the support

mCO2.sup mcm CO2.c� ms.sup CO2.s��� Amount of CO2 from the support. mCO2.sup 2936.20
kg

m
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C.9 Summary
The results from the calculations are summarized in this chapter and the amount of reinforcement and concrete is
presented.

C.9.1 Longitudinal reinforcement in the middle of the bridge 
Utilization grade of bending moment resistance:

ηbending 0.993 

Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b 481.85
kg

m
� 

Total longitudinal reinforcement amount, including required flexural reinforcement and required minimum surface
reainforcement in the top, on the whole width and per longitudinal m:

ms.mid 520.26
kg

m
� 

C.9.2 Reinforcement at support
Utilization grade of shear force resistance:

ηshear 0.81 

Total shear reinforcement amount on the whole width per longitudinal m:

msw 83.99
kg

m
� 

Total amount of reinforcement at the support, including minimum longitudinal reinforcement in the bottom and required
minimum surface reainforcement in the top, on the whole width per longitudinal m:

ms.sup 196.46
kg

m
 

C.9.3 Crack control
Utilization grade of crack width:

ηcrack.width 0.77 

Crack width in the middle of the bridge:

wt.b 0.15 mm� 

C.9.4 Deflection
Utilization grade of deflection:

ηdeflection 0.245 

Deflection in the middle of the bridge:

δtot 12.25 mm� 

 C:27



C.9.5 Amount of CO2 emissions
Amount of CO2 from the middle of the bridge:

mCO2.mid 3551.43
kg

m
 

Amount of CO2 from the support:

mCO2.sup 2936.20
kg

m
 

C.9.6 Amount of reinforced concrete
The bridge has a constant thickness of:

tc 1.00m 

The total amount of reinforced concrete on the whole width per longitudinal m is then: 

mc.tot tc wc� ρc�
1

9.81N
� kg�� mc.tot 15290.52

kg

m
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Appendix D – Case 2: Design of bridge with UHPFRC 

 



Appendix D - Case 2: Design of bridge with UHPFRC

D.1 Calculation conditions
D.1.1 Calculation principles
kNm kN m�� 

This calculations for the bridge is with a thickness of 1 m and UHPFRC with 2% in fibre content.

The bridge is placed on abutments. The free width is 6.0 m, the theoretical span is 20 m, the bridge is stright with a
constant thickness of 1.0 m (5% of the span) along the whole bridge.

The calculations will be performed by hand calculations. It is only the UHPFRC and the reinforcement of the
superstructures (the beam) that will be designed. The required longitudinal reinforcement for the bending moment,
shear force and the crack width will be calculated at the most critical parts of the bridge and the deflection will be
checked. The amount of CO2 emissions from the production of cement and steel used for the bridge will also be
calculated. See Chapter 4.4 for the methodology and 4.5 of the CO2 emissions.

Figure: Section. 

Figure: Elevation. 
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D.1.2 General
D.1.2.1 Bridge type
UHPFRC beam on abutments.

Principal dimensions
lb 20 m�� Theoretical span (lb)                        20.0 m

Free bridge width                        6.0 m
Thickness (tc) 1.0 m tc 1 m�� 

D.1.2.2 Codes
NF P18-470 (2016)
NF P18-710 (2016)
TRVFS 2011:12 (2011) 
VVFS 2004:31 (2004)
VVFS 2004:43 (2004)
TDOK 2016:0204 (2018) v. 2 Krav Brobyggnade
SS-EN 1990/A1:2005/AC:2010 (2010) Basis of structural design
SS-EN 1991-1-1:2002 (2009) Actions on structures - General actions
SS-EN 1991-2:2003 (2010) Actions on structures - Traffic loads on bridges
SS-EN 1992-1-1:2005 (2008) Design of concrete structures - General rules and rules for buildings

D.1.2.3 Calculation programs  
Mathcad 15
Excel

D.1.3 Construction Classes 
Service life: L100 (120 years), minimum

γd 1� Safety class 3, Ch. 4.4.2.

Exposure class: XD3/XF4 Recommended exposure class, Ch. 4.4.2.

wk 0.1 mm�� Maximum crack width requirement, Ch. 4.4.8 Table 47.

D.1.4 Materials
D.1.4.1 Reinforcement - K500CT and fibres
Steel reinforcement

γs 1.15� Partial factor for reinforcement in ULS, Ch. 4.4.3 Table 43.

fyk 500 MPa�� Characteristic reinforcement stress, Ch. 4.4.3 Table 44.

Es 200 GPa�� Design modulus of elasticity, Ch. 4.4.3 Table 44.

ρs 78.5
kN

m3
�� Density of steel, Ch. 4.4.3 Table 44.

εuk 7.5%� Characteristic ultimate strain of reinforcement, Ch. 4.4.3 Table 44.
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Steel reinforcement dimensions

Longitudinal bottom reinforcement.

ϕb.l 20 mm�� 

Transverse bottom reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕb.t 16 mm�� 

Transverse top reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕt.t 16 mm�� 

Assembly reinforcement.

ϕa 12 mm�� 

No minimum reinforcement is needed, see Chapter D.9.

Fibres

Lf 13 mm�� Length of fibres, Ch. 4.4.3.

Kglobal 1.25� Global fibre orientation, Ch. 4.4.3.

Klocal 1.75� Local fibre orientation, Ch. 4.4.3.

D.1.4.2 UHPFRC

γc 1.5� Partial factor for compressed UHPFRC in ULS, Ch. 4.4.3 Table 43.

γcf 1.3� Partial factor for tensioned UHPFRC in ULS, Ch. 4.4.3 Table 43.

fck 150 MPa�� Characteristic compressive strength, Ch. 4.4.3 Table 45.

fcm 160 MPa�� Mean compressive strength, Ch. 4.4.3 Table 45. 

fctk.el 7 MPa�� Characteristic tensile limit of elasticity, Ch. 4.4.3 Table 45.

fctm.el 8 MPa�� Mean tensile limit of elasticity, Ch. 4.4.3 Table 45.

fctfk 9 MPa�� Characteristic post-cracking strength, Ch. 4.4.3 Table 45.

fctfm 11 MPa�� Mean post-cracking strength, Ch. 4.4.3 Table 45.

Ecm 45 GPa�� Modulus of elasticity, Ch. 4.4.3 Table 45.

φef 1.0� Creep coefficient, Ch. 4.4.3 Table 45.
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D.1.5 Calculation system, assumptions and dimensions 
The bridge is placed on abutments and is considered as simply supported. The calculations will be performed on 1 m
strip. The only loads that will act on the bridge is vertikal loads. It is only the longitudinal reinforcement that will be
designed. See Chapter 4.2 and 1.4.2 for more information.

Figure: The bridge described as simply supported.

lb 20.00m Length of the bridge.

b 1 m�� The calculations will be performed on 1 m strip. 

tc 1.00m Thickness of the beam.

tpav 0.1 m�� Thickness of pavement.

wc 6.0 m�� Free width.
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D.2 Loads
The only loads that are acting on the bridge are the dead load from UHPFRC, pavement and railing and one variable load,
traffic with Load Model 1 (LM1).

D.2.1 Dead loads
D.2.1.1 UHPFRC 

ρc 24.4
kN

m3
�� Density of UHPFRC with reinforcement (assume

1 kN/m3), Ch. 4.4.3 Table 45.

qc ρc tc�� Dead load from UHPFRC. qc 24.40
kN

m2
� 

D.2.1.2 Pavement 

ρpav 25
kN

m3
�� Density of pavement. 24-25 kN/m3,

SS-EN 1991-1-1:2002, Table A.6. 

qpav ρpav tpav�� Dead load from pavement. qpav 2.50
kN

m2
� 

D.2.1.3 Railing 

Qr 0.5
kN

m
�� Assumed dead load from railing.

qr
Qr 2�

6 m�
� Dead load from railing from both sides

divided with the width.
qr 0.17

kN

m2
� 

D.2.2 Variable load - Traffic load
D.2.2.1 Carriageways
The bridge is divided into traffic lanes according to SS-EN 1991-2:2003, Ch. 4.2.3 (2).

w 6 m�� Total width of carriageway, total two lanes.

w1 3 m�� Width of lane 1.

w2 3 m�� Width of lane 2.

wr 0 m�� Width of residual area.

D.2.2.2 Adjustment factors
The loads from LM1 should be adjusted according to TRVFS 2011:12, Ch. 6 4§ Table 7.1. 

Adjustment factors for double-axle concentrated loads (tandem system:TS): 

βQ1 0.9� Lane 1.

βQ2 0.9� Lane 2.

Adjustment factors for uniformly distributed loads: 

βq1 0.8� Lane 1. See TDOK 2016:0204, Ch. B.3.2.1.3 e.a.

βq2 1� Lane 2.
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D.2.2.3 LM1
The bridge will be loaded with one double-axle concentrated load (TS) and one uniformly distributed load (UDL), according
to SS-EN 1991-2:2003, Ch. 4.3.2.   

Tandem system - TS

The bridge is subjected to two axle loads per lane, according to SS-EN 1991-2:2003, Ch. 4.3.2 Table 2 and Figure 4.2a,
presented in the Figure below.

Figure: TS loads.

Q1k 300 kN�� Axle load on lane 1.

Q2k 200 kN�� Axle load on lane 2.

Q1k.β Q1k βQ1�� Axle load on lane 1 with adjustment factor. Q1k.β 270.00 kN� 

Q2k.β Q2k βQ2�� Axle load on lane 2 with adjustment factor. Q2k.β 180.00 kN� 

Only Q1kα is used in the calculations due to the fact that this axle load is the largest, safe side. The load is applied on one
lane (3 m).  

QTS
Q1k.β
3 m�

� Total axle load for one axle. Divide by 3 m
to get the load per 1 m strip.

QTS 90.00
kN

m
� 

The axle loads can act anywhere on the bridge, described in the Figure below, with a distance of 1.2 m between them.

Figure: TS loads acting along the bridge.
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Uniformly distributed load - UDL

The bridge is subjected to two different uniformly distributed loads, one on each lane, according to SS-EN 1991-2:2003,
Ch. 4.3.2 Table 2 and Figure 4.2a. The loads are presented in the Figure below.

Figure: UDL loads.

q1k 9
kN

m2
�� UDL on lane 1.

q2k 2.5
kN

m2
�� UDL on lane 2.

q1k.β q1k βq1�� UDL on lane 1 with adjustment factor. q1k.β 7.20
kN

m2
� 

q2k.β q2k βq2�� UDL on lane 2 with adjustment factor. q2k.β 2.50
kN

m2
� 

Only q1kα is used in the calculations due to the fact that this load is the largest, safe side. The load is applied on one lane
(3 m).  

qUDL
q1k.β 3� m

3m
� UDL for design. Divide by 3 m

to get the load per 1 m strip.
qUDL 7.20

kN

m2
� 

D.2.3 Load combinations
The load combinations  ULS 6.10a and  ULS 6.10b will be used to design the longitudinal bending reinforcement and
shear reinforcement.
 SLS - quasi-permanent load combination will be used to check the crack width.
 SLS - frequent load combination will be used to check the deflection.
The load combinations will be calculated according to TRVFS 2011:12 and SS-EN 1990/A1:2005/AC:2010.
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D.3 Strength
D.3.1 Reinforcement

fyd
fyk

γs
� Design reinforcement stress, Ch. 4.4.4 Eq. (4.2). fyd 434.78 MPa� 

εys
fyd

Es
� Reinforcement strain, Ch. 4.4.4 Eq. (4.3). εys 0.22 %� 

εud 0.9 εuk�� Design ultimate strain of reinforcement,
Ch. 4.4.4 Eq. (4.4).

εud 6.75 %� 

D.3.2 UHPFRC
D.3.2.1 Compressive strength 

αcc 0.85� Coefficient, Ch. 4.4.4.

fcd
αcc fck�

γc
� Design compressive strength, Ch. 4.4.4 Eq. ( 4.5) fcd 85.00 MPa� 

Figure: Stress-strain of UHPFRC in compression at ULS.

Ultimate design elastic shortening strain,
Ch. 4.4.4 Eq. (4.6).εc0d

fcd

Ecm
� εc0d 0.19 %� 

Ultimate design shortening strain,
Ch. 4.4.4 Eq. (4.7).εcud 1 14

fctfm

Kglobal fcm�
��

§̈

©̈

·̧

¹̧
εc0d�� εcud 0.33 %� 
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D.3.2.2 Tensile strength 
Controll tensile behaviour class:

Controlltensile "T3"
fctfm

Kglobal
fctm.elt

fctfk

Kglobal
fctk.elt

if

"T1 or T2" otherwise

� 

See Ch. 4.4.4. Controlltensile "T3" 

Controll thick or thin:

Controlltensile.law "Thick" tc 3 Lf�tif

"Thin" otherwise

� See Ch. 4.4.4.
Controlltensile.law "Thick" 

Figure: Stress-strain of thick T3 UHPFRC in tension. Design law at SLS to the left and at ULS to the right.

At ULS:

Design tensile limit of elasticity, 
Ch. 4.4.4 Eq. (4.8).fctd.el

fctk.el

γcf
� fctd.el 5.38 MPa� 

Strain at the maximum limit of elasticity,
Ch. 4.4.4 Eq. (4.9).εu.el

fctd.el

Ecm
� εu.el 0.012 %� 

Design post-cracking strength,
Ch. 4.4.4 Eq. (4.10).fctfd

fctfk

γcf Kglobal�
� fctfd 5.54 MPa� 

Characteristic length, Ch. 4.4.4 Eq. (4.12). 
Lc

2 tc�

3
� Lc 666.67 mm� 

Ultimate strain in tension,
Ch. 4.4.4 Eq. (4.11).εu.lim

Lf

4 Lc�
� εu.lim 0.49 %� 

At SLS:
Design tensile limit of elasticity,
Ch. 4.4.4 Eq. (4.13).fctd.el.SLS fctk.el� fctd.el.SLS 7.00 MPa� 
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εel
fctd.el.SLS

Ecm
� Strain at the maximum limit of elasticity,

Ch. 4.4.4 Eq. (4.14).
εel 0.016 %� 

fctfd.SLS
fctfk

Kglobal
� Design post-cracking strength,

Ch. 4.4.4 Eq. (4.15).
fctfd.SLS 7.20 MPa� 

εlim εu.lim� Ultimate strain in tension,
Ch. 4.4.4 Eq. (4.16).

εlim 0.49 %� 
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D.4 UHPFRC cover and spacing of bars
D.4.1 UHPFRC cover
cmin.b ϕb.l� Minimum cover regarding bond, 

Ch. 4.4.5 Eq. (4.19).
cmin.b 20.00 mm� 

cmin.dur 20 mm�� Minimum cover regarding environmental 
conditions, Ch. 4.4.5.

∆cdur.γ 0 mm�� Additive safety element, Ch. 4.4.5.

Reduction of minimum cover for use of stainless
steel, Ch. 4.4.5. No stainless steel was used. ∆cdur.st 0 mm�� 

∆cdur.add 0 mm�� Additional protection, Ch. 4.4.5.

Nominal upper dimension of the largest aggregate,
Ch. 4.4.5.Dsup 0.7 mm�� 

cmin.p max 1.5 Lf� 1.5 Dsup��� ϕb.l��� �� Minimum cover that take the placement conditions
into account, Ch. 4.4.5 Eq. (4.20).

cmin.p 20.00 mm� 

Minimum cover, Ch. 4.4.5 Eq. (4.18):

cmin max cmin.b cmin.dur ∆cdur.γ� ∆cdur.st� ∆cdur.add��� cmin.p�� 10 mm���� �� cmin 20.00 mm� 

∆cdev 10 mm�� Allowance in design for deviation, Ch. 4.4.5.

cnom cmin ∆cdev�� cnom 30.00 mm� UHPFRC cover, Ch. 4.4.5 Eq. (4.17).

D.4.2 Spacing of bars
Minimum clear distance, 
Ch. 4.4.5 Eq. (4.23).emini max ϕb.l Dsup 5 mm���� 1.5 Lf��� 20 mm���� �� emini 20.00 mm� 

ev emini� Vertical clear distance, Ch. 4.4.5 Eq. (4.21). ev 20.00 mm� 

eh emini� Horizontal clear distance, Ch. 4.4.5 Eq. (4.21). ev 20.00 mm� 

sd ϕb.l emini�� Minimum spacing distance. sd 40.00 mm� 
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D.5 Longitudinal bending reinforcement
The bending reinforcement will be designed in the middle of the bridge where the moment is largest. All design are
calculated for 1 m strip.

D.5.1 Acting moments
D.5.1.1 Dead loads
UHPFRC 

qc 24.40
kN

m2
� 

Mc
qc b� lb

2�

8
� Moment in the middle from UHPFRC. Mc 1220.00 kNm� 

Pavement 

qpav 2.50
kN

m2
� 

Mpav
qpav b� lb

2�

8
� Moment in the middle from pavement. Mpav 125.00 kNm� 

Railing 

qr 0.17
kN

m2
� 

Mr
qr b� lb

2�

8
� Moment in the middle from railing. Mr 8.33 kNm� 

D.5.1.2 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS 90.00
kN

m
� 

MTS QTS b�
lb

2
0.6m�

§
¨
©

·
¸
¹

�� Moment in the middle from TS loads. MTS 846.00 kNm� 
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UDL

qUDL 7.20
kN

m2
� 

MUDL
qUDL b� lb

2�

8
� Moment in the middle from UDL. MUDL 360.00 kNm� 

D.5.2 Design moments - ULS
ψ0_TS 0.75� Factor for combination value for TS.

ψ0_UDL 0.4� Factor for combination value for UDL.

ULS 6.10a

MEd.ULS_6.10a γd 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� ψ0_TS MTS� ψ0_UDL MUDL��� ���� 

MEd.ULS_6.10a 3011.63 kNm� 

ULS 6.10b

MEd.ULS_6.10b γd 0.89� 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� MTS MUDL�� ���� 

MEd.ULS_6.10b 3450.05 kNm� 

MEd.ULS max MEd.ULS_6.10a MEd.ULS_6.10b��� �� MEd.ULS 3450.05 kNm� 

D.5.3 Bending reinforcement design

fcd 85.00 MPa� εcud 0.33 %� εc0d 0.19 %� fctd.el 5.38 MPa� fctfd 5.54 MPa� εu.el 0.012 %� 

εu.lim 0.49 %� fyd 434.78 MPa� εys 0.22 %� tc 1.00m b 1000.00 mm� ϕb.l 20.00 mm� 

ϕt.t 16.00 mm� ϕb.t 16.00 mm� ϕa 12.00 mm� 

Effective depth

Assume two layers in the bottom.

d1 tc cnom� ϕa� ϕb.t�
ϕb.l

2
�� Effective depth for first layer d1 932.00 mm� 

d2 tc cnom� ϕa� ϕb.t� ϕb.l� ev�
ϕb.l

2
�� Effective depth for second layer. d2 892.00 mm� 
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Reinforcement

See Chapter 4.4.6 for the methodology. The stress and strain distribution is described in the Figure below.

Figure: Stress and strain distribution and forces of a cross section in ULS.

Assumed reinforcement area in the first layer.
Maximum area with respect to minimum spacing
distance.

As.b.1
π ϕb.l2�

4 sd�
m� As.b.1 7853.98 mm2� 

Assumed reinforcement area in the
second layer.As.b.2 927mm2� 

Assummed compressive depth.
x 62.59878 mm�� 

Assume that the compressive strain is at ultimate
design shortening strain. εcud 0.33 %� 

Compressive UHPFRC:

Compressive UHPFRC force, 
Ch. 4.4.6 Eq. (4.25).Fcc fcd

εc0d
2

§
¨
©

·
¸
¹

εcud εc0d�� ��

εcud

ª«
«
«
¬

º»
»
»
¼

� x� b�� Fcc 3817.82 kN� 

x1
εc0d
εcud

x�� Ch. 4.4.6 Eq. (4.28). x1 35.37 mm� 

Ch. 4.4.6 Eq. (4.29).
x2 x x1�� x2 27.23 mm� 

Lever arm to the neutral axis, Ch. 4.4.6
Eq. (4.30).xcc

x1
2

3
�§̈

©
·̧
¹

x1

2
� x1

x2

2
�

§
¨
©

·
¸
¹
x2��

x1

2
x2�

� xcc 38.98 mm� 

Reinforcement, first layer:

Fs.1 fyd As.b.1�� Force of the reinforcement, Ch. 4.4.6 Eq. (4.26). Fs.1 3414.77 kN� 

xs.1 d1 x�� Lever arm to the neutral axis, Ch. 4.4.6
Eq. (4.31).

xs.1 869.40 mm� 
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Reinforcement, second layer:

Fs.2 fyd As.b.2�� Force of the reinforcement, Ch. 4.4.6 Eq. (4.26). Fs.2 403.04 kN� 

Lever arm to the neutral axis, 
Ch. 4.4.6 Eq. (4.31).xs.2 d2 x�� xs.2 829.40 mm� 

Horizontal equilibrium between the forces, Ch. 4.4.6 Eq. (4.24):

Fcc Fs.1� Fs.2� 0.15 N� OK, close enough. 

MRd Fcc xcc� Fs.1 xs.1�� Fs.2 xs.2��� Design moment resistance,
Ch. 4.4.6 Eq. (4.27).

MRd 3451.92 kNm� 

Check minimum spacing distance of second
layer.sb.2

π ϕb.l2�

4 As.b.2�
m�� sb.2 338.90 mm� 

OK! 
 No minimum or surface reinforcement is needed, see Chapter D.9.

As.t.r 0 mm2�� Surface reinforcement.

Strain of the reinforcement in the first layer,
Ch. 4.4.6 Eq. (4.33).εs.1

εcud d1 x�� ��

x
� εs.1 4.64 %� 

Controll the strain limits of reinforcement, Ch. 4.4.6 Eq. (4.32):

Controllstrain.layer1 "Normal reinforced" εys εs.1� εs.1 εud��if

"Not normal reinforced" otherwise

� 
Controllstrain.layer1 "Normal reinforced" 

ηbending
MEd.ULS

MRd
� Utilization grade of bending moment resistance,

Ch. 4.4.6 Eq. (4.34).
ηbending 0.999 

Reinforcement area and amount

Longitudinal reinforcement area per 1 m strip:

As As.b.1 As.b.2�� As 8780.98 mm2� 

Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b As 6�
ρs

9.81 N�
� kg�� ms.mid.b 421.59

kg

m
� 

Total longitudinal reinforcement amount on the whole width per longitudinal m:

ms.mid ms.mid.b As.t.r 6�
ρs

9.81 N�
� kg��� ms.mid 421.59

kg

m
� 
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D.6 Shear reinforcement
It is written in Chapter 4.4.7 that the shear force does not need to be checked at a distance less than h from the support with
bonded flexure reinforcement or d if the member still have bonded reinforcement. The moment is very small close to the
support which means that no flexure reinforcement is present and no minimum reinforcement is needed, see Chapter D.9,
and therefore will the shear force be checked at the support where it is largest. The first axle load, on the other hand, will be
placed at a distance d from the support and not at the support which results in higher shear force than if it would be placed
at the support. All design are calculated for 1 m strip.

D.6.1 Acting shear forces
D.6.1.1 Dead loads
UHPFRC 

qc 24.40
kN

m2
� 

Vc
qc b� lb�

2
� Shear force at support from UHPFRC. Vc 244.00 kN� 

Pavement 

qpav 2.50
kN

m2
� 

Vpav
qpav b� lb�

2
� Shear force at support from pavement. Vpav 25.00 kN� 

Railing 

qr 0.17
kN

m2
� 

Vr
qr b� lb�

2
� Shear force from railing. Vr 1.67 kN� 

D.6.1.2 Variable load - Traffic load
TS

The axle loads are placed at the support as discribed in the Figure below.

Figure: TS loads at the support.

QTS 90.00
kN

m
� 

d1 932.00 mm� 
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VTS
QTS b� 2 lb� 2 d1�� 1.2 m��� ��

lb
� Shear force at support from TS loads. VTS 166.21 kN� 

UDL

qUDL 7.20
kN

m2
� 

VUDL
qUDL b� lb�

2
� Shear force at support from UDL. VUDL 72.00 kN� 

D.6.2 Design shear - ULS
ψ0_TS 0.75 Factor for combination value for TS.

ψ0_UDL 0.40 Factor for combination value for UDL.

ULS 6.10a

VEd.ULS_6.10a γd 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� ψ0_TS VTS� ψ0_UDL VUDL��� ���� 

VEd.ULS_6.10a 598.96 kN� 

ULS 6.10b

VEd.ULS_6.10b γd 0.89� 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� VTS VUDL�� ���� 

VEd.ULS_6.10b 685.53 kN� 

VEd.ULS max VEd.ULS_6.10a VEd.ULS_6.10b��� �� VEd.ULS 685.53 kN� 

D.6.3 Shear reinforcement design
fck 150.00 MPa� fctd.el.SLS 7.00 MPa� fctfd 5.54 MPa� εel 0.02 %� εu.lim 0.49 %� 

fyd 434.78 MPa� b 1.00 m� tc 1.00m 

See Chapter 4.4.7 for the methodology.

D.6.3.1 The term VRd,c

γcf γE� 1.5= Safety factor, Ch. 4.4.7.

k 1� No axial force, Ch. 4.4.7 Eq. (4.36).

VRd.c
0.18

1.5
k�

fck

MPa

§
¨
©

·
¸
¹

1
2

� MPa� b� tc�� Contribution from UHPFRC, Ch. 4.4.7 Eq. (4.35). VRd.c 1469.69 kN� 

D.6.3.2 The term VRd,s

It is assumed that no shear reinforcement is needed:

VRd.s 0� Contribution from shear reinforcement, Ch. 4.4.7 Eq. (4.37).
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D.6.3.3 The term VRd,f

z 0.9
7

8
tc�

§̈
©

·̧
¹

�� Lever arm of internal forces, Ch. 4.4.7 Eq. (4.38). z 787.50 mm� 

Afv b z�� For a rectangular section, Ch. 4.4.7 Eq. (4.40). Afv 787500.00 mm2� 

εx εu.lim� No axial force is present, Ch. 4.4.7 Eq. (4.43). εx 0.49 %� 

The stress-strain distribution of σf(ε) is discribed in the Figure below. 

Figure: Stress-strain diagram for calculation of σf(ε).

εel

εx
εσf ε( )µ́

µ¶
d σf=

σf fctfd
εu.lim εel�

εu.lim
§̈

©̈

·̧

¹̧
� fctd.el.SLS fctfd�� �

εu.lim εel�

2 εu.lim�

§̈

©̈

·̧

¹̧
��� Ch. 4.4.7 Eq. (4.44). σf 6.07 MPa� 

σRd.f 1

Kglobal γcf�

1
εx εel�� �
%

� σf�� Post-cracking strengths mean value, 
Ch. 4.4.7 Eq. (4.41).

σRd.f 7.91 MPa� 

θ 30� Angle, minimum value is used. Ch. 4.4.7.

cotθ 1.73� 

VRd.f Afv σRd.f� cotθ�� Contribution from the fibres, 
Ch. 4.4.7 Eq. (4.39).

VRd.f 10781.59 kN� 

D.6.3.4 The term VRd

VRd VRd.c VRd.s� VRd.f�� Total resistance from VRd,c, VRd,s and VRd,f,
Ch. 4.4.7 Eq. (4.45).

VRd 12251.29 kN� 

D.6.3.5 The term VRd,max

tanθ 0.57� 

Maximum force in the truss diagram for the
compressive strength of the UHPFRC
compression strut, Ch. 4.4.7 Eq. (4.46). 

VRd.max 2.3
αcc
γc

� b� z�
fck

MPa

§
¨
©

·
¸
¹

2
3

� MPa� tanθ�� VRd.max 16516.14 kN� 
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D.6.3.6 Design shear force resistance

VRd.total min VRd VRd.max��� �� Design shear force resistance, 
Ch. 4.4.7 Eq. (4.47).

VRd.total 12251.29 kN� 

ηshear
VEd.ULS

VRd.total
� Utilization grade of shear force resistance, 

Ch. 4.4.7 Eq. (4.48).
ηshear 0.06 

Shear reinforcement area and amount

No reinforcement at the support is needed:

Asw 0 mm2�� Asw 0.00 mm2� 

msw 0
kg

m
� msw 0.00

kg

m
� 

ms.sup 0
kg

m
�� ms.sup 0.00

kg

m
� 

D:19



D.7 Crack control
The crack control will be checked in the middle of the bridge where the moment is largest. All design are calculated for 1 m
strip.

D.7.1 Acting moments
D.7.1.1 Dead loads

Mc 1220.00 kNm� Moment in the middle from UHPFRC.

Mpav 125.00 kNm� Moment in the middle from pavement.

Mr 8.33 kNm� Moment in the middle from railing.

D.7.2 Design moments - SLS-QP
MEd.SLS_QP 1.0 Mc� 1.0 Mr�� 1.1 Mpav��� 

MEd.SLS_QP 1365.83 kNm� 

D.7.3 Verification of crack 
See Chapter 4.4.8 for the methodology.

b 1.00m d1 932.00 mm� As.b.1 7853.98 mm2� d2 892.00 mm� As.b.2 927.00 mm2� φef 1.00 

tc 1.00m Ecm 45.00 GPa� Es 200.00 GPa� fctd.el.SLS 7.00 MPa� 

D.7.3.1 Transformed moment of inertia
The moment of inertia is transformed due to the reinforcement. Assume uncracked stage (stage 1).

Ac b tc�� The UHPFRC´s gross area. Ac 1.00 m2� 

Effective modulus of elasticity of UHPFRC,
regarding creep, Ch. 4.4.8 Eq. (4.58). Eef

Ecm

1 φef�
� Eef 22.50 GPa� 

αc
Es

Eef
� Ratio. αc 8.89 

Ic
b tc

3�

12
� Moment of inertia. Ic 8.33 1010u mm4� 

y
tc

2
� Centre of gravity. y 500.00 mm� 

Atr Ac αc 1�� � As.b.2 As.b.1�� ���� Transformed gross area. Atr 1.07 m2� 

ytr
Ac y� αc 1�� � As.b.1 d1� As.b.2 d2��� ��

Atr
� Transformed centre of gravity from the top. ytr 527.71 mm� 

Transformed moment of inertia:

Itr Ic Ac y ytr�� �2�� αc 1�� � As.b.1 d1 ytr�� �2� As.b.2 d2 ytr�� �2��ª
¬

º
¼��� Itr 9.52 1010u mm4� 
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D.7.3.2 Crack verification

σct
MEd.SLS_QP

Itr
tc ytr�� ��� Tensile stress in the bottom, Ch. 4.4.8 Eq. (4.49). σct 6.78 MPa� 

Controllstress "Not cracked" σct fctd.el.SLS�if

"Cracked" otherwise

� 
Ch. 4.4.8 Eq. (4.50). Controllstress "Not cracked" 

wt.b 0 mm�� Crack width

ηcrack.width
wt.b

wk
� Utilization grade of crack width,

Ch. 4.4.8 Eq. (4.51).
ηcrack.width 0.00 
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D.8 Deflection
The deflection will be checked in the middle of the bridge where the deflection is largest. The deflection is  c alculated for the
 whole width and not for a 1 m strip.

D.8.1 Acting loads
D.8.1.1 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS.w Q1k.β Q2k.β�� TS load on the whole width. QTS.w 450.00 kN� 

a
lb

2
0.6m� 9.40m � Distance from the support to the first TS load.

Moment in the middle from TS loads,
on the whole width.MTS.w QTS.w

lb

2
0.6m�

§
¨
©

·
¸
¹

�� MTS.w 4230.00 kNm� 

UDL

qUDL.w q1k.β w1� q2k.β w2��� qUDL.w 29.10
kN

m
� UDL on the whole width.

Moment in the middle from UDL,
on the whole width.MUDL.w

qUDL.w lb
2�

8
� MUDL.w 1455.00 kNm� 

D.8.2 Design loads and moment - SLS-F
The vertical deflection should be checked for variable load, traffic load, according to TDOK 2016:0204.  

ψ1_TS 0.75� Factor for combination value for TS.

ψ1_UDL 0.4� Factor for combination value for UDL.

QTS.Ed.SLS_F ψ1_TS QTS.w�� Design TS load on the whole width. QTS.Ed.SLS_F 337.50 kN� 

qUDL.Ed.SLS_F ψ1_UDL qUDL.w�� Design UDL on the whole width. qUDL.Ed.SLS_F 11.64
kN

m
� 

MEd.SLS_F ψ1_TS MTS.w� ψ1_UDL MUDL.w��� Design moment on the whole width. MEd.SLS_F 3754.50 kNm� 
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D.8.3 Deflection control
lb 20.00m wc 6.00m tc 1.00m Es 200.00 GPa� Ecm 45.00 GPa� 

d1 932.00 mm� As.b.1 7853.98 mm2� d2 892.00 mm� As.b.2 927.00 mm2� fctd.el.SLS 7.00 MPa� 

See Chapter 4.4.9 for the methodology.

δmax
lb

400
50.00 mm� � Maximum deflection, Ch. 4.4.9 Eq. (4.90).

D.8.3.1 Transformed moment of inertia - stage 1
The moment of inertia is transformed due to the reinforcement and is for the whole width and uncrakced section.

Ac.w.1 wc tc�� The UHPFRC´s gross area Ac.w.1 6.00 m2� 

As.w.1 As.b.1 6�� The tensile reinforcement area for the first layer. As.w.1 47123.89 mm2� 

The tensile reinforcement area for the second
layer.As.w.2 As.b.2 6�� As.w.2 5562.00 mm2� 

αe
Es

Ecm
� Ratio. αe 4.44 

Ic.w.1
wc tc

3�

12
� Moment of inertia. Ic.w.1 5.00 1011u mm4� 

y 500.00 mm� Centre of gravity.

Atr.w.1 Ac.w.1 αe 1�� � As.w.1 As.w.2�� ���� Transformed cross-section area. Atr.w.1 6.18 m2� 

ytr.w.1
Ac.w.1 y� αe 1�� � As.w.1 d1� As.w.2 d2��� ��

Atr.w.1
� Transformed centre of gravity from the top. ytr.w.1 512.56 mm� 

Transformed moment of inertia:

Itr.w.1 Ic.w.1 Ac.w.1 y ytr.w.1�� �2�� αe 1�� � As.w.1 d1 ytr.w.1�� �2� As.w.2 d2 ytr.w.1�� �2��ª
¬

º
¼��� Itr.w.1 5.32 1011u mm4� 

D.8.3.2 Control crack

σct.w
MEd.SLS_F

Itr.w.1
tc ytr.w.1�� ��� Tensile stress in the bottom, Ch. 4.4.9 Eq. (4.91). σct.w 3.44 MPa� 

Controllcrack.w "Not cracked" σct.w fctm.el�if

"Cracked" otherwise

� 
Ch. 4.4.9 Eq. (4.92). Controllcrack.w "Not cracked" 
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D.8.3.3 Deflection at stage 1

δ1.TS 2
QTS.Ed.SLS_F a� 3 lb

2� 4 a2��§
©

·
¹�

48 Ecm� Itr.w.1�
�� Deflection at stage 1 from the TS loads,

Ch. 4.4.9 Eq. (4.93).
δ1.TS 4.67 mm� 

δ1.UDL
5 qUDL.Ed.SLS_F� lb

4�

384 Ecm� Itr.w.1�
� Deflection at stage 1 from UDL,

Ch. 4.4.9 Eq. (4.94).
δ1.UDL 1.01 mm� 

δ1 δ1.TS δ1.UDL�� Total deflection of stage 1, Ch. 4.4.9 Eq. (4.95). δ1 5.68 mm� 

D.8.3.4 Total deflection

δtot δ1� Total deflection. δtot 5.68 mm� 

ηdeflection
δtot

δmax
� Utilization grade of deflection Ch. 4.4.9

Eq. (4.96).
ηdeflection 0.114 
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D.9 Minimum and surface reinforcement
It is assumed that no minimum or surface reinforcement is needed at the parts of the bridge that has been controlled in the
calculations, because it is assumed that the two conditions in Chapter 4.4.10 in the report is fulfilled.

In the tensile part of the bridge, in the middle, is it provided reinforcement. No surface reinforcement in the upper part of the
section is provided because that part is under compression. 

At the support and close to the support is no minimum reinforcement used. The acting moment close to the support is
small and it is therefore assumed that the tensile resistance is sufficient according to the conditions in Chapter 4.4.10 in
the report. No surface reinforcement is used in the upper part of the section because it is in compression.
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D.10 C02 emissions
See Chapter 4.5 for the methodology.

CO2c 0.9� kg CO2 emissions per kg cement. 

CO2s 1.9� kg CO2 emissions per kg steel. 

D.10.1 Amount of cement and steel
D.10.1.1 Cement

mc tc wc� ρc 1
kN

m3
�§

¨
©

·
¸
¹

�
1

9.81N
� kg�� Total amount of UHPFRC on 

the whole width per longitudinal m.
mc 14311.93

kg

m
 

cm 0.382� Cement content.

mcm mc cm�� Amount of cement. mcm 5467.16
kg

m
 

D.10.1.2 Steel
Amount of steel fibres on 
the whole width per longitudinal m.mf tc 6� m� ρs�

1

9.81N
kg�§̈

©
·̧
¹

� 0.02�� mf 960.24
kg

m
 

Total amount of steel on the whole width per 
longitudinal m at the middle of the bridge.ms.mid.tot ms.mid mf�� ms.mid.tot 1381.84

kg

m
 

Total amount of steel on the whole width per 
longitudinal m at the support.ms.sup.tot ms.sup mf�� ms.sup.tot 960.24

kg

m
 

D.10.2 Amount of CO2 emissions
D.10.2.1 In the middle of the bridge

mCO2.mid mcm CO2c� ms.mid.tot CO2s��� Amount of CO2 with from 
the middle of the bridge.

mCO2.mid 7545.93
kg

m
 

D.10.2.2 At the support

mCO2.sup mcm CO2c� ms.sup.tot CO2s��� Amount of CO2  from the support. mCO2.sup 6744.91
kg

m
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D.11 Summary
The results from the calculations are summarized in this chapter and the amount of reinforcement and UHPFRC is
presented.

D.11.1 Longitudinal reinforcement in the middle of the bridge
Utilization grade of the bending moment reinforcement:

ηbending 0.999 

Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b 421.59
kg

m
� 

Total longitudinal reinforcement amount on the whole width per longitudinal m:

ms.mid 421.59
kg

m
� 

D.11.2 Reinforcement at support
Utilization grade of shear force resistance:

ηshear 0.06 

No shear reinforcement, minimum longitudinal reinforcement in the bottom or required minimum surface reinforcement
were needed at the support:

msw 0.00 ms.sup 0.00 

D.11.3 Crack control
Utilization grade of crack width:

ηcrack.width 0.00 

Did not crack.

wt.b 0 mm�=

D.11.4 Deflection
Utilization grade of deflection:

ηdeflection 0.114 

Deflection in the middle of the bridge:

δtot 5.68 mm� 

D.11.5 Amount of CO2 emissions
Amount of CO2 from the middle of the bridge:

mCO2.mid 7545.93
kg

m
 

Amount of CO2 from the support:

mCO2.sup 6744.91
kg

m
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D.11.6 Amount of reinforced UHPFRC
The bridge has a constant thickness of:

tc 1.00 m� 

The total amount of reinforced UHPFRC on the whole width per longitudinal m is then: 

mc.tot tc wc� ρc�
1

9.81N
� kg�� mc.tot 14923.55

kg

m
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Appendix E – Case 3: Design of bridge with UHPFRC and optimized thickness 



Appendix E - Case 3: Design of bridge with UHPFRC and optimized thickness

E.1 Calculation conditions
E.1.1 Calculation principles
kNm kN m�� 

This calculations for the bridge is with optimized thickness, which means that the bridge will be designed with a thin
thickness as possible, and UHPFRC with 2% in fibre content.

The bridge is placed on abutments. The free width is 6.0 m, the theoretical span is 20 m and the bridge is stright with
a constant thickness.

The calculations will be performed by hand calculations. It is only the UHPFRC and the reinforcement of the
superstructures (the beam) that will be designed. The required longitudinal reinforcement for the bending moment,
shear force and the crack width will be calculated at the most critical parts of the bridge and the deflection will be
checked. The amount of CO2 emissions from the production of cement and steel used for the bridge will also be
calculated. See Chapter 4.4 for the methodology and 4.5 for the CO2 emissions.

Figure: Section. 

Figure: Elevation. 
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E.1.2 General
E.1.2.1 Bridge type
UHPFRC beam on abutments.

Principal dimensions
lb 20 m�� Theoretical span (lb)                        20.0 m

Free bridge width                        6.0 m
Thickness (tc) 0.54 m tc 0.54 m�� 

E.1.2.2 Codes
NF P18-470 (2016)
NF P18-710 (2016)
TRVFS 2011:12 (2011) 
VVFS 2004:31 (2004)
VVFS 2004:43 (2004)
TDOK 2016:0204 (2018) v. 2 Krav Brobyggnade
SS-EN 1990/A1:2005/AC:2010 (2010) Basis of structural design
SS-EN 1991-1-1:2002 (2009) Actions on structures - General actions
SS-EN 1991-2:2003 (2010) Actions on structures - Traffic loads on bridges
SS-EN 1992-1-1:2005 (2008) Design of concrete structures - General rules and rules for buildings

E.1.2.3 Calculation programs  
Mathcad 15
Excel

E.1.3 Construction Classes 
Service life: L100 (120 years), minimum

γd 1� Safety class 3, Ch. 4.4.2.

Exposure class: XD3/XF4 Recommended exposure class, Ch. 4.4.2.

wk 0.1 mm�� Maximum crack width requirement, Ch. 4.4.8 Table 47.

E.1.4 Materials 
E.1.4.1 Reinforcement - K500CT and fibres
Steel reinforcement

γs 1.15� Partial factor for reinforcement in ULS, Ch. 4.4.3 Table 43.

fyk 500 MPa�� Characteristic reinforcement stress, Ch. 4.4.3 Table 44.

Es 200 GPa�� Design modulus of elasticity, Ch. 4.4.3 Table 44.

ρs 78.5
kN

m3
�� Density of steel, Ch. 4.4.3 Table 44.

εuk 7.5%� Characteristic ultimate strain of reinforcement, Ch. 4.4.3 Table 44.
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Steel reinforcement dimensions

Longitudinal bottom reinforcement.

ϕb.l 20 mm�� 

Transverse bottom reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕb.t 16 mm�� 

Transverse top reinforcement, assumed to be needed and is just used to calculate the effective depth.

ϕt.t 16 mm�� 

Assembly reinforcement.

ϕa 12 mm�� 

No minimum reinforcement is needed, see Chapter E.9.

Fibres

Lf 13 mm�� Length of fibres, Ch. 4.4.3.

Kglobal 1.25� Global fibre orientation, Ch. 4.4.3.

Klocal 1.75� Local fibre orientation, Ch. 4.4.3.

E.1.4.2 UHPFRC

γc 1.5� Partial factor for compressed UHPFRC in ULS, Ch. 4.4.3 Table 43.

γcf 1.3� Partial factor for tensioned UHPFRC in ULS, Ch. 4.4.3 Table 43.

fck 150 MPa�� Characteristic compressive strength, Ch. 4.4.3 Table 45.

fcm 160 MPa�� Mean compressive strength, Ch. 4.4.3 Table 45. 

fctk.el 7 MPa�� Characteristic tensile limit of elasticity, Ch. 4.4.3 Table 45.

fctm.el 8 MPa�� Mean tensile limit of elasticity, Ch. 4.4.3 Table 45.

fctfk 9 MPa�� Characteristic post-cracking strength, Ch. 4.4.3 Table 45.

fctfm 11 MPa�� Mean post-cracking strength, Ch. 4.4.3 Table 45.

Ecm 45 GPa�� Modulus of elasticity, Ch. 4.4.3 Table 45.

φef 1.0� Creep coefficient, Ch. 4.4.3 Table 45.
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E.1.5 Calculation system, assumptions and dimensions 
The bridge is placed on abutments and is considered as simply supported. The calculations will be performed on 1 m
strip. The only loads that will act on the bridge is vertikal loads. It is only the longitudinal reinforcement that will be
designed. See Chapter 4.2 and 1.4.2 for more information.

Figure: The bridge described as simply supported.

lb 20.00m Length of the bridge.

b 1 m�� The calculations will be performed on 1 m strip. 

tc 0.54m Thickness of the beam.

tpav 0.1 m�� Thickness of pavement.

wc 6.0 m�� Free width.
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E.2 Loads
The only loads that are acting on the bridge are the dead load from UHPFRC, pavement and railing and one variable load,
traffic with Load Model 1 (LM1).

E.2.1 Dead loads
E.2.1.1 UHPFRC 

ρc 24.4
kN

m3
�� Density of UHPFRC with reinforcement (assume

1 kN/m3), Ch. 4.4.3 Table 45.

qc ρc tc�� Dead load from UHPFRC. qc 13.18
kN

m2
� 

E.2.1.2 Pavement 

ρpav 25
kN

m3
�� Density of pavement. 24-25 kN/m3,

SS-EN 1991-1-1:2002, Table A.6. 

qpav ρpav tpav�� Dead load from pavement. qpav 2.50
kN

m2
� 

E.2.1.3 Railing 

Qr 0.5
kN

m
�� Assumed dead load from railing.

qr
Qr 2�

6 m�
� Dead load from railing from both sides

divided with the width.
qr 0.17

kN

m2
� 

E.2.2 Variable load - Traffic load
E.2.2.1 Carriageways
The bridge is divided into traffic lanes according to SS-EN 1991-2:2003, Ch. 4.2.3 (2).

w 6 m�� Total width of carriageway, total two lanes.

w1 3 m�� Width of lane 1.

w2 3 m�� Width of lane 2.

wr 0 m�� Width of residual area.

E.2.2.2 Adjustment factors
The loads from LM1 should be adjusted according to TRVFS 2011:12, Ch. 6 4§ Table 7.1. 

Adjustment factors for double-axle concentrated loads (tandem system:TS): 

βQ1 0.9� Lane 1.

βQ2 0.9� Lane 2.

Adjustment factors for uniformly distributed loads: 

βq1 0.8� Lane 1. See TDOK 2016:0204, Ch. B.3.2.1.3 e.a.

βq2 1� Lane 2.
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E.2.2.3 LM1
The bridge will be loaded with one double-axle concentrated load (TS) and one uniformly distributed load (UDL), according
to SS-EN 1991-2:2003, Ch. 4.3.2.   

Tandem system - TS

The bridge is subjected to two axle loads per lane, according to SS-EN 1991-2:2003, Ch. 4.3.2 Table 2 and Figure 4.2a,
presented in the Figure below.

Figure: TS loads.

Q1k 300 kN�� Axle load on lane 1.

Q2k 200 kN�� Axle load on lane 2.

Q1k.β Q1k βQ1�� Axle load on lane 1 with adjustment factor. Q1k.β 270.00 kN� 

Q2k.β Q2k βQ2�� Axle load on lane 2 with adjustment factor. Q2k.β 180.00 kN� 

Only Q1kα is used in the calculations due to the fact that this axle load is the largest, safe side. The load is applied on one
lane (3 m).  

QTS
Q1k.β
3 m�

� Total axle load for one axle. Divide by 3 m
to get the load per 1 m strip.

QTS 90.00
kN

m
� 

The axle loads can act anywhere on the bridge, described in the Figure below, with a distance of 1.2 m between them.

Figure: TS loads acting along the bridge.
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Uniformly distributed load - UDL

The bridge is subjected to two different uniformly distributed loads, one on each lane, according to SS-EN 1991-2:2003,
Ch. 4.3.2 Table 2 and Figure 4.2a. The loads are presented in the Figure below.

Figure: UDL loads.

q1k 9
kN

m2
�� UDL on lane 1.

q2k 2.5
kN

m2
�� UDL on lane 2.

q1k.β q1k βq1�� UDL on lane 1 with adjustment factor. q1k.β 7.20
kN

m2
� 

q2k.β q2k βq2�� UDL on lane 2 with adjustment factor. q2k.β 2.50
kN

m2
� 

Only q1kα is used in the calculations due to the fact that this load is the largest, safe side. The load is applied on one lane
(3 m).  

qUDL
q1k.β 3� m

3m
� UDL for design. Divide by 3 m

to get the load per 1 m strip.
qUDL 7.20

kN

m2
� 

E.2.3 Load combinations
The load combinations  ULS 6.10a and  ULS 6.10b will be used to design the longitudinal bending reinforcement and
shear reinforcement.
 SLS - quasi-permanent load combination will be used to check the crack width.
 SLS - frequent load combination will be used to check the deflection.
The load combinations will be calculated according to TRVFS 2011:12 and SS-EN 1990/A1:2005/AC:2010.
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E.3 Strength
E.3.1 Reinforcement

fyd
fyk

γs
� Design reinforcement stress, Ch. 4.4.4 Eq. (4.2). fyd 434.78 MPa� 

εys
fyd

Es
� Reinforcement strain, Ch. 4.4.4 Eq. (4.3). εys 0.22 %� 

εud 0.9 εuk�� Design ultimate strain of reinforcement,
Ch. 4.4.4 Eq. (4.4). εud 6.75 %� 

E.3.2 UHPFRC
E.3.2.1 Compressive strength 

αcc 0.85� Coefficient, Ch. 4.4.4.

fcd
αcc fck�

γc
� Design compressive strength, Ch. 4.4.4 Eq. (4.5). fcd 85.00 MPa� 

Figure: Stress-strain of UHPFRC in compression at ULS.

εc0d
fcd

Ecm
� Ultimate design elastic shortening strain,

Ch. 4.4.4 Eq. (4.6).
εc0d 0.19 %� 

εcud 1 14
fctfm

Kglobal fcm�
��

§̈

©̈

·̧

¹̧
εc0d�� Ultimate design shortening strain,

Ch. 4.4.4 Eq. (4.7). εcud 0.33 %� 
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E.3.2.2 Tensile strength 
Controll tensile behaviour class:

Controlltensile "T3"
fctfm

Kglobal
fctm.elt

fctfk

Kglobal
fctk.elt

if

"T1 or T2" otherwise

� 

See Ch. 4.4.4. Controlltensile "T3" 

Controll thick or thin:

Controlltensile.law "Thick" tc 3 Lf�tif

"Thin" otherwise

� 
See Ch. 4.4.4. Controlltensile.law "Thick" 

Figure: Stress-strain of thick T3 UHPFRC in tension. Design law at SLS to the left and at ULS to the right.

At ULS:

fctd.el
fctk.el

γcf
� Design tensile limit of elasticity, 

Ch. 4.4.4 Eq. (4.8).
fctd.el 5.38 MPa� 

εu.el
fctd.el

Ecm
� Strain at the maximum limit of elasticity,

Ch. 4.4.4 Eq. (4.9).
εu.el 0.012 %� 

fctfd
fctfk

γcf Kglobal�
� Design post-cracking strength,

Ch. 4.4.4 Eq. (4.10).
fctfd 5.54 MPa� 

Characteristic length, Ch. 4.4.4 Eq. (4.12). 
Lc

2 tc�

3
� Lc 360.00 mm� 

εu.lim
Lf

4 Lc�
� Ultimate strain in tension,

Ch. 4.4.4 Eq. (4.11).
εu.lim 0.90 %� 

At SLS:

Design tensile limit of elasticity,
Ch. 4.4.4 Eq. (4.13).fctd.el.SLS fctk.el� fctd.el.SLS 7.00 MPa� 
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εel
fctd.el.SLS

Ecm
� Strain at the maximum limit of elasticity,

Ch. 4.4.4 Eq. (4.14).
εel 0.016 %� 

fctfd.SLS
fctfk

Kglobal
� Design post-cracking strength,

Ch. 4.4.4 Eq. (4.15).
fctfd.SLS 7.20 MPa� 

Ultimate strain in tension,
Ch. 4.4.4 Eq. (4.16).εlim εu.lim� εlim 0.90 %� 
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E.4 UHPFRC cover and spacing of bars
E.4.1 UHPFRC cover
cmin.b ϕb.l� Minimum cover regarding bond, 

Ch. 4.4.5 Eq. (4.19).
cmin.b 20.00 mm� 

cmin.dur 20 mm�� Minimum cover regarding environmental 
conditions, Ch. 4.4.5.

∆cdur.γ 0 mm�� Additive safety element, Ch. 4.4.5.

Reduction of minimum cover for use of stainless
steel, Ch. 4.4.5. No stainless steel was used. ∆cdur.st 0 mm�� 

∆cdur.add 0 mm�� Additional protection, Ch. 4.4.5.

Nominal upper dimension of the largest aggregate,
Ch. 4.4.5.Dsup 0.7 mm�� 

cmin.p max 1.5 Lf� 1.5 Dsup��� ϕb.l��� �� Minimum cover that take the placement conditions
into account, Ch. 4.4.5 Eq. (4.20).

cmin.p 20.00 mm� 

Minimum cover, Ch. 4.4.5 Eq. (4.18):

cmin max cmin.b cmin.dur ∆cdur.γ� ∆cdur.st� ∆cdur.add��� cmin.p�� 10 mm���� �� cmin 20.00 mm� 

∆cdev 10 mm�� Allowance in design for deviation, Ch. 4.4.5.

cnom cmin ∆cdev�� cnom 30.00 mm� UHPFRC cover, Ch. 4.4.5 Eq. (4.17).

E.4.2 Spacing of bars
Minimum clear distance, 
Ch. 4.4.5 Eq. (4.23).emini max ϕb.l Dsup 5 mm���� 1.5 Lf��� 20 mm���� �� emini 20.00 mm� 

ev emini� Vertical clear distance, Ch. 4.4.5 Eq. (4.21). ev 20.00 mm� 

eh emini� Horizontal clear distance, Ch. 4.4.5 Eq. (4.21). ev 20.00 mm� 

sd ϕb.l emini�� Minimum spacing distance. sd 40.00 mm� 
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E.5 Longitudinal bending reinforcement
The bending reinforcement will be designed in the middle of the bridge where the moment is largest. All design are
calculated for 1 m strip.

E.5.1 Acting moments
E.5.1.1 Dead loads
UHPFRC 

qc 13.18
kN

m2
� 

Mc
qc b� lb

2�

8
� Moment in the middle from UHPFRC. Mc 658.80 kNm� 

Pavement 

qpav 2.50
kN

m2
� 

Mpav
qpav b� lb

2�

8
� Moment in the middle from pavement. Mpav 125.00 kNm� 

Railing 

qr 0.17
kN

m2
� 

Mr
qr b� lb

2�

8
� Moment in the middle from railing. Mr 8.33 kNm� 

E.5.1.2 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS 90.00
kN

m
� 

MTS QTS b�
lb

2
0.6m�

§
¨
©

·
¸
¹

�� Moment in the middle from TS loads. MTS 846.00 kNm� 
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UDL

qUDL 7.20
kN

m2
� 

MUDL
qUDL b� lb

2�

8
� Moment in the middle from UDL. MUDL 360.00 kNm� 

E.5.2 Design moments - ULS
ψ0_TS 0.75� Factor for combination value for TS.

ψ0_UDL 0.4� Factor for combination value for UDL.

ULS 6.10a

MEd.ULS_6.10a γd 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� ψ0_TS MTS� ψ0_UDL MUDL��� ���� 

MEd.ULS_6.10a 2254.01 kNm� 

ULS 6.10b

MEd.ULS_6.10b γd 0.89� 1.35 Mc� 1.35 Mr�� 1.485 Mpav��� �� γd 1.5� MTS MUDL�� ���� 

MEd.ULS_6.10b 2775.77 kNm� 

MEd.ULS max MEd.ULS_6.10a MEd.ULS_6.10b��� �� MEd.ULS 2775.77 kNm� 

E.5.3 Bending reinforcement design

fcd 85.00 MPa� εcud 0.33 %� εc0d 0.19 %� fctd.el 5.38 MPa� fctfd 5.54 MPa� εu.el 0.012 %� 

εu.lim 0.90 %� fyd 434.78 MPa� εys 0.22 %� tc 0.54m b 1000.00 mm� ϕb.l 20.00 mm� 

ϕt.t 16.00 mm� ϕb.t 16.00 mm� ϕa 12.00 mm� 

Effective depth

Assume two layers in the bottom.

d1 tc cnom� ϕa� ϕb.t�
ϕb.l

2
�� Effective depth for first layer d1 472.00 mm� 

d2 tc cnom� ϕa� ϕb.t� ϕb.l� ev�
ϕb.l

2
�� Effective depth for second layer. d2 432.00 mm� 
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Reinforcement

See Chapter 4.4.6 for the methodology. The stress and strain distribution is described in the Figure below.

Figure: Stress and strain distribution and forces of the cross-section in ULS.

Assumed reinforcement area in the first layer.
Maximum area with respect to minimum spacing
distance.

As.b.1
π ϕb.l2�

4 sd�
m� As.b.1 7853.98 mm2� 

Assumed reinforcement area in the
second layer.As.b.2 7800mm2� 

Assummed compressive depth.
x 111.59575 mm�� 

Assume that the compressive strain is at ultimate
design shortening strain. εcud 0.33 %� 

Compressive UHPFRC:

Compressive UHPFRC force, 
Ch. 4.4.6 Eq. (4.25).Fcc fcd

εc0d
2

§
¨
©

·
¸
¹

εcud εc0d�� ��

εcud

ª«
«
«
¬

º»
»
»
¼

� x� b�� Fcc 6806.08 kN� 

x1
εc0d
εcud

x�� Ch. 4.4.6 Eq. (4.28). x1 63.05 mm� 

Ch. 4.4.6 Eq. (4.29).
x2 x x1�� x2 48.55 mm� 

Lever arm to the neutral axis, Ch. 4.4.6
Eq. (4.30).xcc

x1
2

3
�§̈

©
·̧
¹

x1

2
� x1

x2

2
�

§
¨
©

·
¸
¹
x2��

x1

2
x2�

� xcc 69.49 mm� 

Reinforcement, first layer:

Fs.1 fyd As.b.1�� Force of the reinforcement, Ch. 4.4.6 Eq. (4.26). Fs.1 3414.77 kN� 

Lever arm to the neutral axis, 
Ch. 4.4.6 Eq. (4.31).xs.1 d1 x�� xs.1 360.40 mm� 
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Reinforcement, second layer:

Fs.2 fyd As.b.2�� Force of the reinforcement, Ch. 4.4.6 Eq. (4.26). Fs.2 3391.30 kN� 

Lever arm to the neutral axis, 
Ch. 4.4.6 Eq. (4.31).xs.2 d2 x�� xs.2 320.40 mm� 

Horizontal equilibrium between the forces, Ch. 4.4.6 Eq. (4.24):

Fcc Fs.1� Fs.2� 0.81 N� OK, close enough. 

Design moment resistance,
Ch. 4.4.6 Eq. (4.27).MRd Fcc xcc� Fs.1 xs.1�� Fs.2 xs.2��� MRd 2790.25 kNm� 

Check minimum spacing distance of second
layer.sb.2

π ϕb.l2�

4 As.b.2�
m�� sb.2 40.28 mm� 

OK! 
 No minimum or surface reinforcement is needed, see Chapter E.9.

As.t.r 0 mm2�� Surface reinforcement.

Strain of the reinforcement in the first layer,
Ch. 4.4.6 Eq. (4.33).εs.1

εcud d1 x�� ��

x
� εs.1 1.08 %� 

Controll the strain limits of reinforcement, Ch. 4.4.6 Eq. (4.32):

Controllstrain.layer1 "Normal reinforced" εys εs.1� εs.1 εud��if

"Not normal reinforced" otherwise

� 
Controllstrain.layer1 "Normal reinforced" 

ηbending
MEd.ULS

MRd
� Utilization grade of bending moment resistance,

Ch. 4.4.6 Eq. (4.34).
ηbending 0.995 

Reinforcement area and amount

Longitudinal reinforcement area per 1 m strip:

As As.b.1 As.b.2�� As 15653.98 mm2� 

Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b As 6�
ρs

9.81 N�
� kg�� ms.mid.b 751.58

kg

m
� 

Total longitudinal reinforcement amount on the whole width per longitudinal m:

ms.mid ms.mid.b As.t.r 6�
ρs

9.81 N�
� kg��� ms.mid 751.58

kg

m
� 
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E.6 Shear reinforcement
It is written in Chapter 4.4.7 that the shear force does not need to be checked at a distance less than h from the support with
bonded flexure reinforcement or d if the member still have bonded reinforcement. The moment is very small close to the
support which means that no flexure reinforcement is present and no minimum reinforcement is needed, see Chapter E.9,
and therefore will the shear force be checked at the support where it is largest. The first axle load, on the other hand, will be
placed at a distance d from the support and not at the support which results in higher shear force than if it would be placed
at the support. All design are calculated for 1 m strip.

E.6.1 Acting shear forces
E.6.1.1 Dead loads
UHPFRC 

qc 13.18
kN

m2
� 

Vc
qc b� lb�

2
� Shear force at support from UHPFRC. Vc 131.76 kN� 

Pavement 

qpav 2.50
kN

m2
� 

Vpav
qpav b� lb�

2
� Shear force at support from pavement. Vpav 25.00 kN� 

Railing 

qr 0.17
kN

m2
� 

Vr
qr b� lb�

2
� Shear force from railing. Vr 1.67 kN� 

E.6.1.2 Variable load - Traffic load
TS

The axle loads are placed at the support as discribed in the Figure below.

Figure: TS loads at the support.

QTS 90.00
kN

m
� 

d1 472.00 mm� 
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VTS
QTS b� 2 lb� 2 d1�� 1.2 m��� ��

lb
� Shear force at support from TS loads. VTS 170.35 kN� 

UDL

qUDL 7.20
kN

m2
� 

VUDL
qUDL b� lb�

2
� Shear force at support from UDL. VUDL 72.00 kN� 

E.6.2 Design shear - ULS
ψ0_TS 0.75 Factor for combination value for TS.

ψ0_UDL 0.40 Factor for combination value for UDL.

ULS 6.10a

VEd.ULS_6.10a γd 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� ψ0_TS VTS� ψ0_UDL VUDL��� ���� 

VEd.ULS_6.10a 452.10 kN� 

ULS 6.10b

VEd.ULS_6.10b γd 0.89� 1.35 Vc� 1.35 Vr�� 1.485 Vpav��� �� γd 1.5� VTS VUDL�� ���� 

VEd.ULS_6.10b 556.88 kN� 

VEd.ULS max VEd.ULS_6.10a VEd.ULS_6.10b��� �� VEd.ULS 556.88 kN� 

E.6.3 Shear reinforcement design
fck 150.00 MPa� fctd.el.SLS 7.00 MPa� fctfd 5.54 MPa� εel 0.02 %� εu.lim 0.90 %� 

fyd 434.78 MPa� b 1.00 m� tc 0.54m 

See Chapter 4.4.7 for the methodology.

E.6.3.1 The term VRd,c

γcf γE� 1.5= Safety factor, Ch. 4.4.7.

k 1� No axial force, Ch. 4.4.7 Eq. (4.36).

VRd.c
0.18

1.5
k�

fck

MPa

§
¨
©

·
¸
¹

1
2

� MPa� b� tc�� Contribution from UHPFRC, Ch. 4.4.7 Eq. (4.35). VRd.c 793.63 kN� 

E.6.3.2 The term VRd,s

It is assumed that no shear reinforcement is needed:

VRd.s 0� Contribution from shear reinforcement, Ch. 4.4.7 Eq. (4.37).
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E.6.3.3 The term VRd,f

z 0.9
7

8
tc�

§̈
©

·̧
¹

�� Lever arm of internal forces, Ch. 4.4.7 Eq. (4.38). z 425.25 mm� 

Afv b z�� For a rectangular section, Ch. 4.4.7 Eq. (4.40). Afv 425250.00 mm2� 

εx εu.lim� No axial force is present, Ch. 4.4.7 Eq. (4.43). εx 0.90 %� 

The stress-strain distribution of σf(ε) is discribed in the Figure below. 

Figure: Stress-strain diagram for calculation of σf(ε).

εel

εx
εσf ε( )µ́

µ¶
d σf=

σf fctfd
εu.lim εel�

εu.lim
§̈

©̈

·̧

¹̧
� fctd.el.SLS fctfd�� �

εu.lim εel�

2 εu.lim�

§̈

©̈

·̧

¹̧
��� Ch. 4.4.7 Eq. (4.44). σf 6.16 MPa� 

σRd.f 1

Kglobal γcf�

1
εx εel�� �
%

� σf�� Post-cracking strengths mean value, 
Ch. 4.4.7 Eq. (4.41).

σRd.f 4.27 MPa� 

θ 30� Angle, minimum value is used. Ch. 4.4.7.

cotθ 1.73� 

VRd.f Afv σRd.f� cotθ�� Contribution from the fibres, 
Ch. 4.4.7 Eq. (4.39).

VRd.f 3143.91 kN� 

E.6.3.4 The term VRd

VRd VRd.c VRd.s� VRd.f�� Total resistance from VRd,c, VRd,s and VRd,f,
Ch. 4.4.7 Eq. (4.45).

VRd 3937.55 kN� 

E.6.3.5 The term VRd,max

tanθ 0.57� 

Maximum force in the truss diagram for the
compressive strength of the UHPFRC
compression strut, Ch. 4.4.7 Eq. (4.46). 

VRd.max 2.3
αcc
γc

� b� z�
fck

MPa

§
¨
©

·
¸
¹

2
3

� MPa� tanθ�� VRd.max 8918.71 kN� 

E:18



E.6.3.6 Design shear force resistance

VRd.total min VRd VRd.max��� �� Design shear force resistance, 
Ch. 4.4.7 Eq. (4.47).

VRd.total 3937.55 kN� 

ηshear
VEd.ULS

VRd.total
� Utilization grade of shear force resistance, 

Ch. 4.4.7 Eq. (4.48).
ηshear 0.14 

Shear reinforcement area and amount

No reinforcement at the support is needed:

Asw 0 mm2�� Asw 0.00 mm2� 

msw 0
kg

m
� msw 0.00

kg

m
� 

ms.sup 0
kg

m
�� ms.sup 0.00

kg

m
� 
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E.7 Crack control
The crack control will be checked in the middle of the bridge where the moment is largest. All design are calculated for 1 m
strip.

E.7.1 Acting moments
E.7.1.1 Dead loads

Mc 658.80 kNm� Moment in the middle from UHPFRC.

Mpav 125.00 kNm� Moment in the middle from pavement.

Mr 8.33 kNm� Moment in the middle from railing.

E.7.2 Design moments - SLS-QP
MEd.SLS_QP 1.0 Mc� 1.0 Mr�� 1.1 Mpav��� 

MEd.SLS_QP 804.63 kNm� 

E.7.3 Verification of crack 
See Chapter 4.4.8 for the methodology.

b 1.00m d1 472.00 mm� As.b.1 7853.98 mm2� d2 432.00 mm� As.b.2 7800.00 mm2� φef 1.00 

tc 0.54m Ecm 45.00 GPa� Es 200.00 GPa� fctd.el.SLS 7.00 MPa� 

E.7.3.1 Transformed moment of inertia
The moment of inertia is transformed due to the reinforcement. Assume uncracked stage (stage 1).

Ac b tc�� The UHPFRC´s gross area. Ac 0.54 m2� 

Effective modulus of elasticity of UHPFRC,
regarding creep, Ch. 4.4.8 Eq. (4.58). Eef

Ecm

1 φef�
� Eef 22.50 GPa� 

αc
Es

Eef
� Ratio. αc 8.89 

Ic
b tc

3�

12
� Moment of inertia. Ic 1.31 1010u mm4� 

y
tc

2
� Centre of gravity. y 270.00 mm� 

Atr Ac αc 1�� � As.b.2 As.b.1�� ���� Transformed gross area. Atr 0.66 m2� 

ytr
Ac y� αc 1�� � As.b.1 d1� As.b.2 d2��� ��

Atr
� Transformed centre of gravity from the top. ytr 303.89 mm� 

Transformed moment of inertia:

Itr Ic Ac y ytr�� �2�� αc 1�� � As.b.1 d1 ytr�� �2� As.b.2 d2 ytr�� �2��ª
¬

º
¼��� Itr 1.65 1010u mm4� 
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E.7.3.2 Crack verification

σct
MEd.SLS_QP

Itr
tc ytr�� ��� Tensile stress in the bottom, Ch. 4.4.8 Eq. (4.49). σct 11.51 MPa� 

Controllstress "Not cracked" σct fctd.el.SLS�if

"Cracked" otherwise

� 
Ch. 4.4.8 Eq. (4.50). Controllstress "Cracked" 

E.7.4 Crack width control
See Chapter 4.4.8 for the methodology.

wk 0.10 mm� Maximum crack width requirement, Ch. 4.4.8 Table 47.

E.7.4.1 Difference in average strain between reinforcement and UHPFRC, (εsm,f - εcm,f)

kt 0.4� Long duration, Ch. 4.4.8.

Stress in the tensioned reinforcing, σs.

First is the stress in the tensioned reinforcement calculated.

The tensile strain and stress behaviour with the mean SLS calculation law is described in the Figure below.

Figure: Stress-strain of UHPFRC in tension at SLS with mean SLS law.

fctm.el.SLS fctm.el� Mean design tensile limit of elasticity, at SLS.
Ch. 4.4.8 Eq. (4.56).

fctm.el.SLS 8.00 MPa� 

εel.m
fctm.el.SLS

Eef
� Mean maximum limit of elasticity, at SLS.

Ch. 4.4.8 Eq. (4.57).
εel.m 0.036 %� 

fctfm.SLS
fctfm

Kglobal
� Mean design post-cracking strength, at SLS.

Ch. 4.4.8 Eq. (4.59).
fctfm.SLS 8.80 MPa� 

εlim.m εlim� Mean ultimate strain in tension,
Ch. 4.4.8 Eq. (4.60).

εlim.m 0.90 %� 
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The stress-strain relation and the section forces is described in the Figure below.

Figure: Stress-strain relation and section forces for strains that is larger than εel.m and equal to or smaller than εlim.m and
compressive strain smaller than εc0d.

The stress in the tensioned reinforcement is calculated by iterate the compressive depth and the strain of UHPFRC until
equilibrium is achieved.  

Assummed compressive depth of UHPFRC,
Ch. 4.4.8.xSLS 303.2 mm�� 

εcc 0.0666%� Assummed compressive strain of UHPFRC,
Ch. 4.4.8.

εct εcc
tc xSLS�

xSLS
�� Strain of tensioned UHPFRC,

Ch. 4.4.8 Eq. (4.61).
εct 0.05 %� 

Controll of strain:

Controllstrain "OK" εel.m εct� εct εlim.md�if

"NOT OK" otherwise

� 
Ch. 4.4.8 Eq. (4.62). Controllstrain "OK" 

UHPFRC under compression: 

Compressive stress of UHPFRC,
Ch. 4.4.8 Eq. (4.64).σcc εcc Eef�� σcc 14.98 MPa� 

Compressive force of UHPFRC,
Ch. 4.4.8 Eq. (4.63).Fcc.S σcc

xSLS b�

2
�� Fcc.S 2271.73 kN� 

xcc.S xSLS
2

3
�� Lever arm for UHPFRC under compression,

Ch. 4.4.8 Eq. (4.65).
xcc.S 202.13 mm� 

Reinforcement, first layer:

εs.1.S εcc
d1 xSLS�

xSLS
�� Strain of reinforcement, Ch. 4.4.8 Eq. (4.68). εs.1.S 0.04 %� 

σs.1 εs.1.S Es�� Stress of reinforcement, Ch. 4.4.8 Eq. (4.67). σs.1 74.16 MPa� 

Fs.1.S σs.1 As.b.1�� Force from reinforcement, Ch. 4.4.8 Eq. (4.66). Fs.1.S 582.42 kN� 
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xs.1.S d1 xSLS�� Lever arm for reinforcement, Ch. 4.4.8 Eq. (4.69). xs.1.S 168.80 mm� 

Reinforcement, second layer:

εs.2.S εcc
d2 xSLS�

xSLS
�� Strain of reinforcement, Ch. 4.4.8 Eq. (4.68). εs.2.S 0.03 %� 

σs.2 εs.2.S Es�� Stress of reinforcement, Ch. 4.4.8 Eq. (4.67). σs.2 56.58 MPa� 

Fs.2.S σs.2 As.b.2�� Force from reinforcement, Ch. 4.4.8 Eq. (4.66). Fs.2.S 441.35 kN� 

xs.2.S d2 xSLS�� Lever arm for reinforcement, Ch. 4.4.8 Eq. (4.69). xs.2.S 128.80 mm� 

UHPFRC under tension: 

x3 tc xSLS�� �
εel.m
εct

�� Height that is uncracked, Ch. 4.4.8 Eq. (4.70). x3 161.87 mm� 

x4 tc xSLS� x3�� Height that is cracked, Ch. 4.4.8 Eq. (4.71). x4 74.93 mm� 

Tensile force, Fct.1, of UHPFRC,
Ch. 4.4.8 Eq. (4.72).

Fct.1 fctm.el.SLS
x3 b�

2
�� Fct.1 647.47 kN� 

xct.1.S x3
2

3
�� Lever arm for Fct.1, Ch. 4.4.8 Eq. (4.73). xct.1.S 107.91 mm� 

Tensile force, Fct.2, of UHPFRC,
Ch. 4.4.8 Eq. (4.74).

Fct.2 fctm.el.SLS x4� b�� Fct.2 599.45 kN� 

xct.2.S x3
x4

2
�� Lever arm for Fct.2, Ch. 4.4.8 Eq. (4.75). xct.2.S 199.33 mm� 

Tensile force, Fct.3, of UHPFRC,
Ch. 4.4.8 Eq. (4.76).

Fct.3 fctfm.SLS fctm.el.SLS�� �
εct

εlim.m
�

x4 b�

2
�� Fct.3 1.73 kN� 

xct.3.S x3 x4
2

3
��� Lever arm for Fct.3, Ch. 4.4.8 Eq. (4.77). xct.3.S 211.82 mm� 

Horizontal equilibrium:
The equilibrium should be zero. OK, close enough.
Ch. 4.4.8 Eq. (4.78).Fcc.S Fs.1.S� Fs.2.S� Fct.1� Fct.2� Fct.3� 0.70� kN� 

Moment equilibrium:

MEd.SLS_QP Fcc.S xcc.S�� Fs.1.S xs.1.S�� Fs.2.S xs.2.S�� Fct.1 xct.1.S�� Fct.2 xct.2.S�� Fct.3 xct.3.S�� 0.56 kNm� 

The equilibrium should be zero to be able to determinate the stress in the tensioned reinforcement. OK, close enough.
Ch. 4.4.8 Eq. (4.79).

σs σs.1� Stress in the tensioned reinforcement σs 74.16 MPa� 
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 ρeff

The distance from the top of the compressed 
UHPFRC to the level of the reinforcements
centroid, Ch. 4.4.8 Eq. (4.53).

d
As.b.1 d1� As.b.2 d2��

As.b.1 As.b.2�
� d 452.07 mm� 

hc.ef min 2.5 tc d�� ��
tc

2
��

ª
«
¬

º
»
¼

� Effective height, Ch. 4.4.8 Eq. (4.81) and Figure 74. hc.ef 219.83 mm� 

Ac.eff hc.ef b�� Effective cross-sectional area around the
reinforcement, Ch. 4.4.8 Figure 74.

Ac.eff 219827.58 mm2� 

ρp.eff
As

Ac.eff
� Ratio of reinforcement area and effective 

cross-sectional area, Ch. 4.4.8 Eq. (4.80).
ρp.eff 0.07 

 (εsm,f - εcm,f)

εsm.f_ε.cm.f� �
σs
Es

fctfm

Kglobal Ecm�
�

1

Es
kt fctm.el

fctfm

Klocal
�

§̈

©̈

·̧

¹̧
�

1

ρp.eff
Es

Ecm
�

§̈

©̈

·̧

¹̧
�

ª«
«¬

º»
»¼

��� Ch. 4.4.8 Eq. (4.55).

εsm.f_ε.cm.f� � 0.000112 

E.7.4.2 Maximum crack spacing, Sr,max,f

 l0

ζf min 1 0.4
fctfm

Kglobal fctm.el�

§̈

©̈

·̧

¹̧
��

ª«
«¬

º»
»¼

1.5��
ª«
«¬

º»
»¼

� Contribution from fibres, Ch. 4.4.8 Eq. (4.85). ζf 1.44 

l0 1.33
cnom

ζf
§̈

©̈

·̧

¹̧
�� UHPFRC coating term, Ch. 4.4.8 Eq. (4.83). l0 27.71 mm� 

 lt

λ 2.25� Not prestressed reinforcement, Ch. 4.4.8.

k2 0.5� Bending, Ch. 4.4.8.

Transmission length term,
Ch. 4.4.8 Eq. (4.84).lt max

Lf

2
2 0.3 k2� 1

fctfm

Kglobal fctm.el�
�

§̈

©̈

·̧

¹̧
�

1

ζf λ��
ª«
«¬

º»
»¼

�
ϕb.l

ρp.eff
���

ª«
«¬

º»
»¼

� lt 6.50 mm� 

 sr,max,f

sr.max.f 2.55 l0 lt�� ��� Maximum crack spacing, Ch. 4.4.8 Eq. (4.82). sr.max.f 87.23 mm� 

E.7.4.3 Crack width at the most tensioned reinforcement, ws

ws sr.max.f εsm.f_ε.cm.f� ��� Ch. 4.4.8 Eq. (4.54). ws 0.00976 mm� 

E:24



E.7.4.4 Control correction of crack width 
The crack width has to be corrected if the spacing between the reinforcement is larger than 5(cnom+ϕb.l/2). 

sd 40.00 mm� Minimum spacing distance.

Controllspacing "Correction" sd 5 cnom
ϕb.l

2
�

§
¨
©

·
¸
¹

�!if

"No correction" otherwise

� Controllspacing "No correction" Ch. 4.4.8.

E.7.4.5 Crack width at the most tensioned fibre, wt.b

xx x3� Height of the tensioned section that is uncracked, Ch. 4.4.8.

wt.b ws
tc xSLS� xx�� �
d xSLS� xx�� �

�� Crack width, Ch. 4.4.8 Eq. (4.52). wt.b 0.06 mm� 

E.7.4.6 Crack width verification

ηcrack.width
wt.b

wk
� Utilization grade of crack width,

Ch. 4.4.8 Eq. (4.51).
ηcrack.width 0.56 
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E.8 Deflection
The deflection will be checked in the middle of the bridge where the deflection is largest. The deflection is  c alculated for the
 whole width and not for a 1 m strip.

E.8.1 Acting loads
E.8.1.1 Variable load - Traffic load
TS

The axle loads is placed in the middle as discribed in the Figure below.

Figure: TS loads in the middle of the bridge.

QTS.w Q1k.β Q2k.β�� TS load on the whole width. QTS.w 450.00 kN� 

a
lb

2
0.6m� 9.40m � Distance from the support to the first TS load.

Moment in the middle from TS loads,
on the whole width.MTS.w QTS.w

lb

2
0.6m�

§
¨
©

·
¸
¹

�� MTS.w 4230.00 kNm� 

UDL

qUDL.w q1k.β w1� q2k.β w2��� qUDL.w 29.10
kN

m
� UDL on the whole width.

Moment in the middle from UDL,
on the whole width.MUDL.w

qUDL.w lb
2�

8
� MUDL.w 1455.00 kNm� 

E.8.2 Design loads and moment - SLS-F
The vertical deflection should be checked for variable load, traffic load, according to TDOK 2016:0204.  

ψ1_TS 0.75� Factor for combination value for TS.

ψ1_UDL 0.4� Factor for combination value for UDL.

QTS.Ed.SLS_F ψ1_TS QTS.w�� Design TS load on the whole width. QTS.Ed.SLS_F 337.50 kN� 

qUDL.Ed.SLS_F ψ1_UDL qUDL.w�� Design UDL on the whole width. qUDL.Ed.SLS_F 11.64
kN

m
� 

MEd.SLS_F ψ1_TS MTS.w� ψ1_UDL MUDL.w��� Design moment on the whole width. MEd.SLS_F 3754.50 kNm� 
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E.8.3 Deflection control
lb 20.00m wc 6.00m tc 0.54m Es 200.00 GPa� Ecm 45.00 GPa� 

d1 472.00 mm� As.b.1 7853.98 mm2� d2 432.00 mm� As.b.2 7800.00 mm2� fctd.el.SLS 7.00 MPa� 

See Chapter 4.4.9 for the methodology.

δmax
lb

400
50.00 mm� � Maximum deflection, Ch. 4.4.9 Eq. (4.90).

E.8.3.1 Transformed moment of inertia - stage 1
The moment of inertia is transformed due to the reinforcement and is for the whole width and the uncrakced section.

Ac.w.1 wc tc�� The UHPFRC´s gross area. Ac.w.1 3.24 m2� 

As.w.1 As.b.1 6�� The tensile reinforcement area for the first layer. As.w.1 47123.89 mm2� 

The tensile reinforcement area for the second
layer.As.w.2 As.b.2 6�� As.w.2 46800.00 mm2� 

αe
Es

Ecm
� Ratio. αe 4.44 

Ic.w.1
wc tc

3�

12
� Moment of inertia. Ic.w.1 7.87 1010u mm4� 

y 270.00 mm� Centre of gravity.

Atr.w.1 Ac.w.1 αe 1�� � As.w.1 As.w.2�� ���� Transformed cross-section area. Atr.w.1 3.56 m2� 

ytr.w.1
Ac.w.1 y� αe 1�� � As.w.1 d1� As.w.2 d2��� ��

Atr.w.1
� Transformed centre of gravity from the top. ytr.w.1 286.53 mm� 

Transformed moment of inertia:

Itr.w.1 Ic.w.1 Ac.w.1 y ytr.w.1�� �2�� αe 1�� � As.w.1 d1 ytr.w.1�� �2� As.w.2 d2 ytr.w.1�� �2��ª
¬

º
¼��� Itr.w.1 8.86 1010u mm4� 

E.8.3.2 Control crack

σct.w
MEd.SLS_F

Itr.w.1
tc ytr.w.1�� ��� Tensile stress in the bottom, Ch. 4.4.9 Eq. (4.91). σct.w 10.74 MPa� 

Controllcrack.w "Not cracked" σct.w fctm.el�if

"Cracked" otherwise

� 
Ch. 4.4.9 Eq. (4.92). Controllcrack.w "Cracked" 
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E.8.3.3 Stage 2 - uncracked height
The calculations are performed with Eq. (4.61) - (4.79) in Chapter 4.4.8 but for the whole width and mechanical
properties for SLS that is presented in Chapter 4.4.4, under the subchapter Tensile strength.

xSLS.w 282.72 mm�� Assummed compressive depth of UHPFRC.

εcc.w 0.02782%� Assummed compressive strain of UHPFRC.

εct.w εcc.w
tc xSLS.w�

xSLS.w
�� Strain of tensioned UHPFRC. εct.w 0.03 %� 

Controll of strain:

Controllstrain.w "OK" εel εct.w� εct.w εlimd�if

"NOT OK" otherwise

� 
Controllstrain.w "OK" 

UHPFRC under compression: 

σcc.w εcc.w Ecm�� Compressive stress of UHPFRC. σcc.w 12.52 MPa� 

Fcc.S.w σcc.w
xSLS.w wc�

2
�� Compressive force of UHPFRC. Fcc.S.w 10618.12 kN� 

xcc.S.w xSLS.w
2

3
�� Lever arm for UHPFRC under compression xcc.S.w 188.48 mm� 

Reinforcement, first layer:

εs.1.S.w εcc.w
d1 xSLS.w�

xSLS.w
�� εs.1.S.w 0.02 %� Strain of reinforcement.

σs.1.w εs.1.S.w Es�� Stress of reinforcement. σs.1.w 37.25 MPa� 

Fs.1.S.w σs.1.w As.w.1�� Force from reinforcement. Fs.1.S.w 1755.40 kN� 

xs.1.S.w d1 xSLS.w�� Lever arm for reinforcement. xs.1.S.w 189.28 mm� 

Reinforcement, second layer:

εs.2.S.w εcc.w
d2 xSLS.w�

xSLS.w
�� Strain of reinforcement. εs.2.S.w 0.01 %� 

σs.2.w εs.2.S.w Es�� Stress of reinforcement. σs.2.w 29.38 MPa� 

Fs.2.S.w σs.2.w As.w.2�� Force from reinforcement. Fs.2.S.w 1374.92 kN� 

xs.2.S.w d2 xSLS.w�� Lever arm for reinforcement. xs.2.S.w 149.28 mm� 
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UHPFRC under tension: 

x3.w tc xSLS.w�� �
εel

εct.w
�� Height that is uncracked.

x3.w 158.08 mm� 

x4.w tc xSLS.w�� � x3.w�� Height that is cracked. x4.w 99.20 mm� 

Fct.1.w fctd.el.SLS
x3.w wc�

2
�� Tensile force, Fct.1, of UHPFRC. Fct.1.w 3319.74 kN� 

xct.1.S.w x3.w
2

3
�� Lever arm for Fct.1. xct.1.S.w 105.39 mm� 

Fct.2.w fctd.el.SLS x4.w� wc�� Tensile force, Fct.2, of UHPFRC. Fct.2.w 4166.28 kN� 

xct.2.S.w x3.w
x4.w

2
�� Lever arm for Fct.2. xct.2.S.w 207.68 mm� 

Fct.3.w fctfd.SLS fctd.el.SLS�� �
εct.w
εlim

�
x4.w wc�

2
�� Tensile force, Fct.3, of UHPFRC. Fct.3.w 1.67 kN� 

xct.3.S.w x3.w x4.w
2

3
��� Lever arm for Fct.3. xct.3.S.w 224.21 mm� 

Horizontal equilibrium:

Fcc.S.w Fs.1.S.w� Fs.2.S.w� Fct.1.w� Fct.2.w� Fct.3.w� 0.10 kN� 

The equilibrium should be zero. OK, close enough.

Moment equilibrium:

MEd.SLS_F Fcc.S.w xcc.S.w�� Fs.1.S.w xs.1.S.w�� Fs.2.S.w xs.2.S.w�� Fct.1.w xct.1.S.w��

Fct.2.w� xct.2.S.w� Fct.3.w xct.3.S.w���

��� 0.19 kNm� 

The equilibrium should be zero to be able to calculate the uncracked thickness. OK, close enough. 

The uncracked thickness from the top,
Ch. 4.4.9 Eq. (4.97).tc.2 xSLS.w x3.w�� tc.2 440.80 mm� 

E.8.3.4 Transformed moment of inertia - stage 2
The moment of inertia is transformed due to the reinforcement and is for the whole width and the crakced section.

Ac.w.2 wc xSLS.w x3.w�� ��� The uncracked UHPFRC´s gross area. Ac.w.2 2644817.48 mm2� 

Moment of inertia for the whole width,
uncracked part. Ic.w.2

wc tc.2
3�

12
� Ic.w.2 4.28 1010u mm4� 

y2
tc.2

2
� Centre of gravity, uncracked part. y2 220.40 mm� 

Atr.w.2 Ac.w.2 αe As.w.1�� αe 1�� � As.w.2��� Transformed cross-section area,
uncracked part. Atr.w.2 3015456.99 mm2� 
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Transformed centre of gravity,
uncracked part.ytr.w.2

Ac.w.2 y2� αe As.w.1� d1�� αe 1�� � As.w.2� d2��

Atr.w.2
� ytr.w.2 249.19 mm� 

Transformed moment of inertia, uncracked part:

Itr.w.2 Ic.w.2 Ac.w.2 y2 ytr.w.2�� �2�� αe As.w.1� d1 ytr.w.2�� �2�� αe 1�� � As.w.2� d2 ytr.w.2�� �2��� Itr.w.2 6.08 1010u mm4� 

E.8.3.5 Deflection at stage 2

Deflection at stage 2 from the TS loads,
Ch. 4.4.9 Eq. (4.98).δ2.TS 2

QTS.Ed.SLS_F a� 3 lb
2� 4 a2��§

©
·
¹�

48 Ecm� Itr.w.2�
�� δ2.TS 40.90 mm� 

Deflection at stage 2 from UDL,
Ch. 4.4.9 Eq. (4.99).δ2.UDL

5 qUDL.Ed.SLS_F� lb
4�

384 Ecm� Itr.w.2�
� δ2.UDL 8.86 mm� 

δ2 δ2.TS δ2.UDL�� Total deflection of stage 2, Ch. 4.4.9 Eq. (4.100). δ2 49.76 mm� 

E.8.3.6 Total deflection

δtot δ2� Total deflection. δtot 49.76 mm� 

ηdeflection
δtot

δmax
� Utilization grade of deflection Ch. 4.4.9

Eq. (4.101).
ηdeflection 0.995 
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E.9 Minimum and surface reinforcement
It is assumed that no minimum or surface reinforcement is needed at the parts of the bridge that has been controlled in the
calculations, because it is assumed that the two conditions in Chapter 4.4.10 in the report is fulfilled.

In the tensile part of the bridge, in the middle, is it provided reinforcement. No surface reinforcement in the upper part of the
section is provided because that part is under compression. 

At the support and close to the support is no minimum reinforcement used. The acting moment close to the support is
small and it is therefore assumed that the tensile resistance is sufficient according to the conditions in Chapter 4.4.10 in
the report. No surface reinforcement is used in the upper part of the section because it is in compression.
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E.10 C02 emissions
See Chapter 4.5 for the methodology.

CO2.c 0.9� kg CO2 emissions per kg cement. 

CO2.s 1.9� kg CO2 emissions per kg steel. 

E.10.1 Amount of cement and steel
E.10.1.1 Cement

mc tc wc� ρc 1
kN

m3
�§

¨
©

·
¸
¹

�
1

9.81N
� kg�� Total amount of UHPFRC on 

the whole width per longitudinal m.
mc 7728.44

kg

m
 

cm 0.382� Cement content.

mcm mc cm�� Amount of cement. mcm 2952.26
kg

m
 

E.10.1.2 Steel
Amount of steel fibres on 
the whole width per longitudinal m.mf tc 6� m� ρs�

1

9.81N
kg�§̈

©
·̧
¹

� 0.02�� mf 518.53
kg

m
 

Total amount of steel on the whole width per 
longitudinal m in the middle of the bridge.ms.mid.tot ms.mid mf�� ms.mid.tot 1270.11

kg

m
 

Total amount of steel on the whole width per 
longitudinal m at the support.ms.sup.tot ms.sup mf�� ms.sup.tot 518.53

kg

m
 

E.10.2 Amount of CO2 emissions
E.10.2.1 In the middle of the bridge

mCO2.mid mcm CO2.c� ms.mid.tot CO2.s��� Amount of CO2 with from 
the middle of the bridge.

mCO2.mid 5070.26
kg

m
 

E.10.2.2 At the support

mCO2.sup mcm CO2.c� ms.sup.tot CO2.s��� Amount of CO2  from the support. mCO2.sup 3642.25
kg

m
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E.11 Summary
The results from the calculations are summarized in this chapter and the amount of reinforcement and UHPFRC is
presented.

E.11.1 Longitudinal reinforcement in the middle of the bridge
Utilization grade of bending moment reinforcement:

ηbending 0.995 

Total bending reinforcement amount on the whole width per longitudinal m:

ms.mid.b 751.58
kg

m
� 

Total longitudinal reinforcement amount on the whole width per longitudinal m:

ms.mid 751.58
kg

m
� 

E.11.2 Reinforcement at support
Utilization grade of shear force resistance:

ηshear 0.14 

No shear reinforcement, minimum longitudinal reinforcement in the bottom or required minimum surface reinforcement
were needed at the support:

msw 0.00 ms.sup 0.00 

E.11.3 Crack control
Utilization grade of crack width:

ηcrack.width 0.56 

Crack width:

wt.b 0.06 mm� 

E.11.4 Deflection
Utilization grade of deflection:

ηdeflection 0.995 

Deflection in the middle of the bridge:

δtot 49.76 mm� 

E.11.5 Amount of CO2 emissions
Amount of CO2 from the middle of the bridge:

mCO2.mid 5070.26
kg

m
 

Amount of CO2 from the support:

mCO2.sup 3642.25
kg

m
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E.11.6 Amount of reinforced UHPFRC
The bridge has a constant thickness of:

tc 0.54 m� 

Total amount of reinforced UHPFRC on the whole width per longitudinal m: 

mc.tot tc wc� ρc�
1

9.81N
� kg�� mc.tot 8058.72

kg

m
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