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RESUMO

A presente tese foca-se no desenvolvimento de ferramentas numéricas para a andlise e

dimensionamento de elementos estruturais em betdo reforcado com fibras (BRF).

Neste trabalho sao abordadas as mais recentes regras e recomendacdes de projeto expostas nos
regulamentos em vigor sendo, quando necessario, complementadas com modelos mais avancados
resultantes de trabalhos de investigacdo sobre estruturas de BRF. Com base nas atuais regras de
projeto foi desenvolvido um programa de célculo automatico dedicado a analise da seccéo transversal
de elementos estruturais de BRF, com e sem armaduras convencionais de reforco, sujeitos a esforcos
axial, corte e flexdo, de forma a realizar as verificacdes de seguranca relativamente aos estados limite

ultimos e de servico.

Foi realizada, também, uma avaliacdo do desempenho dos modelos de resisténcia ao corte propostos
no fib Model Code 2010 para elementos em BRF, através da comparacao da capacidade preditiva

dos modelos com os resultados experimentais de uma base de dados de ensaios de corte.

A presente tese abrange, do mesmo modo, o desenvolvimento de uma ferramenta numérica para a
analise de elementos estruturais de BRF que conjuga o efeito da orientacdo e segregacao das fibras
nos elementos estruturais de BRF, e a resisténcia ao arranque das fibras. A capacidade preditiva do
novo modelo foi verificada através da simulacdo de vigas entalhadas de betao reforcado com fibras

de aco submetidas ao ensaio de flexdo de 3-pontos.

Adicionalmente, foram abordados alguns aspetos particulares de elementos estruturais em BRF.
Neste ambito, um novo modelo de simulacdo da resposta viscoelastica em fluéncia de materiais de
matriz cimenticia, desde as idades jovens, foi desenvolvido e implementado num programa baseado
no método de elementos finitos - FEMIX - tendo sido acoplado aos modelos termo-mecanicos ja ai
implementados. Adicionalmente, foi desenvolvido um novo modelo constitutivo especialmente
dedicado a simulacéo da interface entre lajes de BRF apoiadas no solo e as camadas granulares da
fundacéao da laje, com o intuito de captar os mecanismos relevantes que induzem dano neste tipo de
estruturas de BRF.

Palavras chave: Betao reforcado com fibras; projeto; simulacao numérica; modelos constitutivos;
programa de calculo.




Advanced tools for design and analysis of fiber reinforced concrete structures

ABSTRACT

This thesis is devoted to the development of numerical tools for the analysis and design of fiber

reinforced concrete (FRC) structural elements.

This work focuses on the description of the most recent design guidelines and recommendations
obtained from design codes, being complemented with more advanced models published in academic
works on FRC structures. Based on these guidelines a software was developed for the analysis of FRC
cross-sections with and without conventional reinforcements, submitted to bending and shear with or
without axial force, to assess the ultimate and serviceability limit state safety verifications of structural

members.

An assessment of the shear resistance models for FRC members proposed in the fib Model Code
2010 was conducted, by evaluating its predictive performance with the results of shear tests collected

in a database.

It was developed an innovative numerical tool for the analysis of FRC structures that couples the effects
of fiber orientation and segregation in the FRC members, and fiber pullout resistance. The
performance of the new model was assessed by simulating steel fiber reinforced concrete notched

beams submitted to 3-point bending tests.

Moreover, particular topics regarding some structural application of FRC were explored. In this scope,
a new model capable of predicting the aging creep response of cement-based materials, since early
ages, was proposed and implemented in a finite element method software - FEMIX - and was

coupled with the already available thermo-mechanical models.

Flooring is still the main application of FRC, and the simulation of the interface between the FRC slab
and the soil supporting system is a relevant aspect for controlling crack formation and propagation,
mainly due to shrinkage and thermal effects coupled with restriction to the membrane deformability
of the FRC slab. A new constitutive model was developed and implemented in FEMIX, especially
aimed to simulate the interface between FRC slabs supported on ground and the granular layers of
the slab’s foundation, in attempt to capture relevant mechanisms that promote damage in this type

of FRC structures.

Keywords: Fiber reinforced concrete; design; numerical simulation; constitutive models; software.

vi



Advanced tools for design and analysis of fiber reinforced concrete structures

TABLE OF CONTENTS
ACKNOWIEAZEMENTS ... vttt e et e e e e e et e e e e st e e e s et e e e e eabeeeesssreeesenreeas iii
RESUIMIO. ..o b bbbttt b ekttt b et nne e v
ADSEFACT. ...t vi
Table Of CONTENTS ...t bttt ettt et e e e Vi
List of Abbreviations and SYMDOIS ........cccuviiiiie e X
LIST OF FIUIES ..ttt ettt e et e e et e e e be e e eabeeeebaeeenbeeesateeeaareeans XVii
LISt OF TADIES ... XXV
INEFOAUCTION ..ttt b e b et b et e b 1
1.1 ReSEarch SIiNIfICANCE .......vveiiiieriee ettt et e et e e e et re e e s et e e e s etbeeeesenraeeeean 2
1.2 OBJECHIVES ...ttt e ettt e et e et e e et e e ebe e e eare e 3
1.3 TRESIS OULIINE ...ttt 4
2 Design of fiber reinforced concrete structural elements.........covvvivviiiiiiiiic e 5
2.1 INTOAUCTION 1.ttt b e n e 5
2.2 Material characterization and classification ... 5
2.3 Constitutive laws for ULS @nd SLS..........ooiiiii e 10
2.3.1 CONCIete iN COMPIESSION ..oeeiivrieeeicttiee e e et e e e ettt e e e et e e e et e e e e et e e e s sbaeeeeserreeeesenseeeeaas 10
2.3.2 Steel in teNSION OF COMPIESSION......ciiuiieiiii et eete ettt ee e e etee e eae e eaee e 13
2.3.3 FRC TN TENSION .ttt 14
2.4 FRC design PartiCUIAIITIES. .....c.eeiiiei ettt ettt 22
2.5 ULS and SLS analysis of FRC structural members ..........ccovveiieiieee i 25
2.5.1 Members in BENAING .....cccvviiiiie ettt eaae e 25
2.5.2 MEMDEIS IN SNEA ...ttt 27
2.5.3 PUNCRING .ttt e e 39
2.5.4 SreSS lIMItATION ....oieiii s 45
2.5.5 Crack CONTIOL ... .ottt ene e eneas 47
2.6 CoNCIUAING FEMAIKS .....eiiitiec ettt ettt e et e e st e e e ebae e e teaeeareeeans 56
3 Software for design of fiber reinforced concrete elements ..........covevveiiiiiiic e 58
3L INEOAUCTION . 58
3.2 Plain section analysis 0f CrOSS-SECHONS.......uiiiiiiiii e 58
3.3 Main user interface WINAOW.........cc.oiiiiiiiiiiie et 60
3.4 Software algorithm/fIOWChAMS..........cooiviii et 63
3u4. T Data INPUL...ccceeiee ettt ettt et e e eae e eareeas 64
3.4.2 Calculation FOULINE .......c.oiiiiiiiei s 68
3.4.3 RESUIES QULPUL ...ttt ettt ettt e e eaee e earee s 69

Vii



Advanced tools for design and analysis of fiber reinforced concrete structures

3D EXAMIPIES. .. et ettt e e e eta e e abe e e etaeeas 69
T A o T ] o (=T A = 1= o o R 70
3.5.2 EXAMPIE 2 = SIaD v 73

I T O] ol [0 To [ o =Y g F= TG 77

4 Appraisal of MC2010 shear resistance prediction Models........ccccoovvieiiiiiiiiiciec e, 78

4.1 FRC beams shear tests database .........ccoiviiiiiiiiiii e 78

4.2 Residual flexural strength prediction model..........ccoooiiiiiiiiii e 81

4.3 Appraisal of MC2010 shear resistance prediction models..........ccocvvevveieeeicieeeicceee e, 83

4.4 CoNCIUAING FEMAIKS .....vveiirie ettt ettt ettt et e e e et e e eabe e e sate e s ebeeesabeeesnreeas 89

5 Analysis of FRC members considering fiber orientation, fiber segregation and fiber pullout
FESISTANCE MOUEI ...ttt et e e et e sr e aneeeaeesneeeneeenees 90

5.1 INErOAUCTION .ttt sttt et e et e e sbaesreeeaaennaeanne s 90

5.2 New material model for FRC in teNSION.......ciiiiiieiie i 90
5.2.1 Fiber orientation profile MOdEL.........c.cooiiiiiiiiiie e, 91
5.2.2 Fiber segregation MOGEL..........oeciicueiii e 95
5.2.3 Fiber pullout constitutive Model...........ooviiiiiiiii e, 96
5.2.4 Influence of the model parameters on the moment-rotation of SFRC members failing in
071 0T [ =SSR 104
5.2.5 Assessment of the predictive performance of the new model ........c..ccccveeeiiiiiiiennen. 112

5.3 Moment-rotation procedure for analysis of CroSS-SECHONS........cccuvvveiiciieeeeiceee e 125
5.3.1 Numerical simulation of FRC structural members...........ccccoovviiieiiiie e, 127

I 0o o Tod [0 [T =T ' P 2R 134

6 Creep of Cement Based MaterialS .........cc.coouiiiiiiiiiii et 136

LT 10T [0 Tot o o SRS SR 136

6.2 Time-dependent deformation.............ocveiiii e 136

6.3 Creep fUNAAMENTALS ......couiiiiiii e ettt 137

6.4 Creep mechanisms and influencing factors in CBM ........cccoovviiiiiiicie e 145

6.5 Creep compliance prediction MOdElS..........coiuiiiiiiiiiii e 149
6.5.1 EXISHNG MOAEIS. ... .viiiiiieeiee e e 152

6.5.1.1  DOUDIE POWEE LAW ...cviiiiieiiieeiie ettt 153
6.5.1.2  EUIOCOAE 2...eeiieeie ettt sttt et e et e nnae e 156
6.5.1.3  Model Code 2010 .....cuiiiiiiieiie ettt 158
6.5.1.4 B3 MOUEL....ciiiiiiiiieiicie e 161
6.5.1.5  BAMOEL....ciiiieiiieie e 164
6.5.2 Proposed MOAEL........c.uiiiiiiiiiiiie e 167
6.6 Numerical implementation for structural @analysis...........cccovvveiieiiee e 171

viii



Advanced tools for design and analysis of fiber reinforced concrete structures

6.7 Coupling of creep and thermo-mechanical MOdelS.........cccccovveiiiiiiiiiiiiiec e, 177
6.8 Implementation of ACC model in FEMIX .....ooooiiiiiiieee e 180
6.8.1 NUMENICAl BXAMPIES ...veiiriiicii ettt et 182
6.8.1.1 Concrete sample under compressive creep teSt......covvvvvivvvveeicciee e 182
6.8.1.2 Reinforced concrete beam under flexure creep test.......coovvvvieiicieeeiiciieeeeee. 184

6.9 CoNCIUAING FEBMAIKS ... .veiiiieeceie ettt ettt ettt et stte e et e e ebe e e sabeeeeanas 192

7 Implementation of a cyclic-hysteretic constitutive model for simulating the contact between different
MMATEIIAIS ...t 193
7.1 Numerical implementation ..........cceoiiii i 193
R 0T g L= o I T o] o] = 207
7.2.1 Load combinations - SEL A ....c..iiiiiiiie e 209
7.2.2 Load combinations - SEt Bi........oviiiiiiiie 210
7.2.3 Load combinations - SEE C....oviiuiiiiiiii e 211

RS I\ 0T g L= go%= 1 I o] o)1= o] o I 212
7.4 CONCIUAING FEBMAIKS ... vveeitiee ittt ettt ettt e et e e st e e ette e e ebee e enbe e e sabeeeeneas 215

8 CONCIUSIONS ...ttt ettt b bbbt b e b 217
8.1 MaIN CONCIUSIONS ...ttt ettt ettt e e eneenbeenes 217
8.2 Possible future deVEIOPMENTS. ........ccvviiii et 219
RETEIENCES ...ttt e bttt ettt ettt beenes 221
o] o =T 0T [ 229
LYo o<1 gl 1) = USROS 230
Y o] o =T 0T [ 234
LYo o1=T ol 1) D RS RSUTRRRR U TRRR 262
D.3 Determination of structural characteristic length ...........ccooviiieiiii e 262
D.4 Definition constitutive MOAEIS...........coiiiiiiii i 266

....................................................................................................................................... 273

D.6 Determination of moment-curvature relationShip...........ccoceeiiiiiiiici e 278
D.7 Determination of shear reSiStanCe ............cooiiiiiiiiie 283
D.8 Calculation of bond transfer length and crack SPacing ........ccccoevvvevevieeicieeecee e 295
D.9 Determination of design crack width at SLS.........ooooiiiiie e 297
D.10 Determination of moment-crack width relationship ..........ccoovviiiiiieiii e 300
D.11 Determination of bending moment corresponding to crack initiation ..................c......... 303
D.12  Verification of stress limitation criteria.............coooiiiiiiiiii e, 305

Y o] o<1 0o [ 309
APPENAIX F oottt e et e e et e et e e et e e et e e e eaa e e etae e aaree e 312
FY o] 0L a e ) C PO 314




Advanced tools for design and analysis of fiber reinforced concrete structures

LIST OF ABBREVIATIONS AND SYMBOLS

3PNBBT
a

A et
Ay
A
A,

A
A%I,min

A

A,
Agec

Three-point notched beam bending tests
Shear span
Effective area of concrete in tension

Area of the tensile part of the concrete cross-section

Area of steel reinforcement

Area of prestress steel reinforcement

Cross-sectional area of the longitudinal reinforcement

Minimum flexural reinforcement area

Area of transverse reinforcement

Horizontally projected area of punching shear failure surface

Cross-section area

Fiber cross-section area

Aging creep compliance

Parameter that controls shape of the pre-peak branch of the 7—s relationship
Transverse reinforcement inclination relative to structural element longitudinal
axis

Parameter that controls shape of the post-peak branch of the z—s
relationship

Modular ratio

Control perimeter for assessing punching shear resistance

Width of tension zone

Support strip width for punching analysis

Smallest width of the tensile zone of the cross-section

Diameter of the circle with equal area as the region inside the control perimeter
Coefficient to assess mean steel strain over |

S, max

Ratio between maximum and residual friction coefficient

Concrete cover
Cohesion

Specific creep.
Ratio between number of fibers with orientation angle ¢, and the total number

of fibers in the cross-section

Critical Shear Crack Theory

Crack mouth opening displacement
Critical diagonal crack

Coefficient of variation

Cement based material

Curvature

Tangential stiffness

Normal stiffness
Effective depth to main tension reinforcement




Advanced tools for design and analysis of fiber reinforced concrete structures

O

m o, S

3]

Jm

m m

=]

n

Jn

Depth of tensile longitudinal steel reinforcement

Depth of compressive longitudinal steel reinforcement

Depth of prestress reinforcement

Depth of resultant compressive force of concrete

Depth of tensile force of FRC inside the effective tensile zone
Depth of tensile force of FRC outside the effective tensile zone
Shear resisting effective depth

Maximum size of the aggregate

Diameter of fibers

Distance of center of gravity of the jth layer of the cross-section to the cross-

section top face
Axial deformation of the j™ layer at the p™ rotation increment

Midspan deflection; Slip
Concrete Young's modulus

Effective modulus of concrete considering creep effects
Reinforcing steel elastic modulus

Prestressing steel elastic modulus

Reinforcing steel modulus of the hardening branch
Elasticity modulus determined at time t,

Asymptotic modulus.

Modulus of the isolated spring of the Dirichlet series, at the time t; .
th

Modulus of the ™ chain of the Dirichlet series, at the time t,, .

Eccentricity of shear forces with respect to the centroid of the basic control
perimeter in the direction i =X,y

Eccentricity of prestress steel reinforcement

Strain
Ultimate tensile strain of FRC

Limit tensile strain of FRC for ULS verification

Limit tensile strain of FRC for SLS verification

Longitudinal strain in the mid-depth of effective shear area
Design value of steel ultimate strain.

Characteristic value of steel ultimate strain

Concrete compressive strain at the limit of elasticity
Concrete ultimate compressive strain

Average strain of steel bars in the introduction length zone
Average strain of concrete in the introduction length zone
Strain of concrete due to shrinkage

Strain of the concrete due to free shrinkage

Instantaneous strain.

Xi



Advanced tools for design and analysis of fiber reinforced concrete structures

Ftu

Fts

Fre (77)

F()

Creep strain.
Thermal strain at time t.
Stress independent strains (shrinkage and thermal) plus crack strain.

Delayed elastic strain.
Flow strain.
Viscoelastic aging and nonaging creep strain.

Fiber orientation factor
Coefficient to consider shrinkage contribution in the crack

Maximum frictional resistance of the fiber due to snubbing effect
Characteristic value of the compressive strength of concrete, if not specified it
is considered at 28 days of age

Design value of concrete compressive strength, if not specified it is considered
at 28 days of age

Mean value of the tensile strength of concrete, if not specified it is considered
at 28 days of age

Characteristic value of the tensile strength of concrete, if not specified it is
considered at 28 days of age

Lower bound value of the characteristic tensile strength of concrete, if not
specified it is considered at 28 days of age

Mean compressive strength of concrete at 28 days of age.

Mean compressive strength of the concrete matrix

Characteristic value of yield strength of reinforcing steel

Design value of yield strength of reinforcing steel

Tensile strength of reinforcing steel

Residual flexural tensile strength

Limit of proportionality

Ultimate residual tensile strength

Serviceability residual tensile strength

Design yield strength of the shear reinforcement

Characteristic value of yield strength of the shear reinforcement

Concrete tensile strength

Bond strength of the steel reinforcement to concrete

Frequency of fibers with orientation angle ¢,

Force of tensile longitudinal steel reinforcement

Force of compressive longitudinal steel reinforcement

Compressive force of concrete

Tensile force of FRC inside the effective tensile zone

Tensile force of FRC outside the effective tensile zone

Coefficient to account to error resultant of adopting discrete ranges of fiber
orientation angles rather than a continuous function
Cumulative distribution function of the standard Normal distribution

Xii



Advanced tools for design and analysis of fiber reinforced concrete structures

FRC
FEM
FBL

¢
5
Pu

b

?;

P
()
G,
Ve
Ve

HPFRCC
IR

IP

IBL

J(t)
j(tj,wto,i)
I(t;t;)
@ (t’to)

k

Fiber reinforced concrete/cement composites
Finite element method

Finite bond length

Friction angle

Diameter of reinforcement bars

Diameter of the punching reinforcement

Fiber orientation angle

Mean orientation angle of the fibers in a range of fiber orientation angles
interval
Average orientation angle of the fibers in a cross-section

Objective function of the NLSM.
Fracture energy of a plain concrete

Partial safety factor for concrete; Concrete density

Partial safety factor for FRC

Partial safety factor for steel

Angle between the fiber orientation and the load direction at failure conditions

Cross-section height
Effective height of concrete in tension

Distance between the tip of the notch and the top of the cross-section

High performance fiber reinforced cement composites
Reinforcement index

Integration point

Infinite bond length

Creep compliance

Experimental values of the creep compliance.
Predicted values of the creep compliance.

Creep coefficient

Shear size effect factor. Empirical value to take the influence of the concrete
cover. Coefficient to consider the non-uniform self-equilibrating cracking force
Strength reduction factor. Coefficient that considers the stress distribution in
the cross-section just before cracking occurs and the change of the inner lever
arm.

Aggregate interlock coefficient at critical shear crack

Coefficient of eccentricity

Member span
Crack bandwidth

Structural characteristic length

Development length

Bond transfer length or introduction length
Length of fibers

Average bond length crossing the crack surface

Xiii



Advanced tools for design and analysis of fiber reinforced concrete structures

Lcru,i
L

Ps ef

Critical embedment length

Transfer bond length

Bond length

Crack spacing

Design acting bending moment on support strip for punching analysis

Bending moment
Design acting bending moment

Design resisting bending moment

Moment of force of tensile longitudinal steel reinforcement

Moment of force of compressive longitudinal steel reinforcement
Moment of compressive force of concrete

Moment of tensile force of FRC inside the effective tensile zone

Moment of tensile force of FRC outside the effective tensile zone
Number of discrete points of each experimental creep compliance curve.

fib Model Code 2010
Friction coefficient
Maximum friction coefficient

Design acting axial force
Number of fibers
Number of fibers with orientation angle ¢,

Nonlinear least square method
Poisson’s ratio
Initial tangent slope of the z—s, relationship

Maximum value of punching shear resistance

Design value of punching shear resistance provided by fiber reinforcement
Design value of punching shear resistance provided by concrete matrix

Design value of punching shear resistance provided transverse reinforcements
Design acting punching shear force

Fiber pullout force

Pullout force of the total number of fibers in the j™ layer of the cross-section
with an orientation angle ¢,

Plain concrete
Matrix of the defining coefficients of the ACC model.

Inclination of the compressive stress field
Effective reinforcement ratio

Longitudinal reinforcement ratio

1+ quartile

37 quartile

Position where radial bending moment of slab is zero with respect to support
axis

Spacing between shear reinforcement

Xiv



Advanced tools for design and analysis of fiber reinforced concrete structures

SLS
SMCFT
SFRC
SD

w

SLS,char
c

SLS,gperm
O-c qp!

SLS,char
O-t

SLS,char
s

o(on)

Gfu

Mean crack spacing
Accumulated relative sliding displacement

Accumulated relative sliding displacement corresponding to the maximum
friction coefficient

Serviceability limit state

Simplified Modified Compression Field Theory

Steel fiber reinforced concrete

Standard deviation

Sliding displacement at the end of the linear branch of the 7 —s relationship

Sliding displacement corresponding to the peak shear stress of the 7—5§
relationship
Relative sliding displacement according to the local axis i

Stress vector

Maximum steel stress in a crack in the crack formation stage

Steel reinforcement bars stress

Normal stress

FRC tensile stress

Average axial stress acting in the cross-section

Tensile stress of the fiber reinforcements

Stress activated in the shear reinforcement

Compressive stress of concrete at characteristic load combination
Compressive stress of concrete at quasi-permanent load combination
Tensile stress of FRC at characteristic load combination

Tensile stress of longitudinal steel bars at characteristic load combination
Standard deviation of the orientation angle of the fibers in a cross-section

effective tensile strength of the fibers

Fiber tensile strength

Thickness of slab; time
Loading age
Load duration

Shear stress
Peak shear stress

Retardation time of the 1" Kelvin chain
Retardation time of the 2" Kelvin chain

Mean bond strength between steel and concrete
Average bond strength

Member rotation
Perimeter of the reinforcement bars
Vector of relative displacements of the interface element

Ultimate limit states
Variable Engadgement Model

XV



Advanced tools for design and analysis of fiber reinforced concrete structures

Fiber volume dosage

Design value of shear resistance force

Design value of shear resistance of FRC member with longitudinal
reinforcement and without shear reinforcement

Design shear resistance provided by plain concrete

Design acting shear force

Design value of shear resistance provided by shear reinforcement
Maximum value of shear resistance

Crack width

Ultimate crack opening corresponding to the ULS criterion

Design crack width

Nominal limiting value of crack opening

Depth of the neutral axis

Fibers segregation factor

Distance between the neutral axis and the tensile side of the cross-section
Rotation of slab outside the column region

Internal lever arm

Internal lever arm of passive reinforcement

Internal lever arm of prestress reinforcement

XVi



Advanced tools for design and analysis of fiber reinforced concrete structures

LIST OF FIGURES
Figure 1 — Typical load (P ) — deformation (o) of FRC: a) Tensile strain-softening; b) Tensile strain-
hardening (extracted from [33]). .ueeeeiiciiee e e 6
Figure 2 — FRC composites softening and hardening characterization. V, - volume of fibers; V_, -
critical volume of fibers to obtain hardening response (extracted from [10, Ch. 3]).......... 7
Figure 3 — Typical load-CMOD curve of FRC [30] (dimensions in Mm). ....cccceeveeeeeeeiiieeee e 8
Figure 4 — The concept of toughness class for FRC based on the relationship between the flexural
Stress and CIMOD [30]. ..cveeiieeie ettt nneeeneeenns 8
Figure 5 — Rectangular stress-strain relationship for concrete in compression [30].........ccccveeeeeee. 11
Figure 6 - Bilinear stress-strain relationship for concrete in compression [30]. .....ccoovveevieeiniennee. 12
Figure 7 — Bilinear stress-strain relationship considering creep for concrete in compression. ......... 13
Figure 8 — Stress-strain diagrams for reinforcing steel in compression and tension [30]. ............... 13
Figure 9 - Tensile stress-strain relationship for plain concrete and FRC up to material tensile strength.
.................................................................................................................................. 14
Figure 10 — Stress-crack opening constitutive laws for ULS analysis: a) rigid-plastic model; b) linear
00T [= B 150 PP ST OPRUURRPSOPRRN 15

Figure 11 — Example of determination of neutral axis position, X, and Y for the evaluation of 1. 17
Figure 12 — Example of the analysis of a footbridge cross-section. a) Structural characteristic length;
b) Crack pattern of the different components of the footbridge...........coovvviiiiiiiiiennn. 18

Figure 13 - Stress-strain relationship of a strain softening FRC, for ULS analysis: (a) complete diagram;
(o) IS L1 o] 1 i=Te Mo [F=Y={ =2 o R 19

Figure 14 — Stress-strain relationship for SLS analysis: (a) Case I; (b) Case II; (c) Case Il [30]...... 19

Figure 15 — SLS stress-strain case | model for situation where concrete matrix post-cracking

contribution iS diSrEGArdEA. .......occveiiei i 21
Figure 16 — Example of SLS stress-strain Case | model where point C is disregarded. ................... 21
Figure 17 - Typical load-displacement curve of a FRC structural element (extracted from [30, Figs.
T T =0 ettt e te e ataeaaaeas 24
Figure 18 — Stress-strain distribution for assessing flexural response of a rectangular cross-section
with longitudinal steel reinforcement and FRC tension zone divided in two parts. ......... 26
Figure 19 - Stress-strain distribution for assessing flexural response of a rectangular cross-section
without longitudinal steel reinforcement. ........ccvevviieiiiii e 26
Figure 20 — Simplified stress-strain distribution in the cross-section for slab design [30]................ 27
Figure 21 - Contribution of concrete matrix and fiber reinforcements for FRC shear resistance
(extracted from [D5]). .ociieeiee i 30
Figure 22 — Equilibrium at cross-section and corresponding strain profile [59]. ......coooveiiiinnnennee 31
Figure 23 — Example of &, adjustment due to proximity of rebar curtailment..............c.cccccenn 33

Figure 24 - Approach to estimate fg,, and f.,, based on the toughness class of the FRC........ 36
Figure 25 — Ultimate crack width orthogonal to the CDC...........coovieiciiiiieccee e 37

XVii



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 26 — Punching of slab. a) Development of critical shear crack; b) Slab’s rotation and concrete
cover spalling (extracted from [67])...cc..coiuiiiiii e 39

Figure 27 — Punching of FRC slabs: (a) behavior of FRC after cracking; (b) critical shear crack in slabs;

(c) assumed distribution of crack widths along the failure surface; (d) profile of fibers’ stress
along the failure surface; and (e) matrix (concrete) and fiber contributions for the punching

shear strength (adapted from [67]). ..coocveeieieiiee e 41
Figure 28 — Determination of eccentricity of the resultant of shear forces e, (extracted from [30]).
.................................................................................................................................. 44
Figure 29 — Shear reinforcement activated at failure (extracted from [30]). ..cccoovvveiiiiiiiiiiiiiene. 44
Figure 30 — Load-strain relationship for a centrically loaded tensile reinforced concrete member [68].
.................................................................................................................................. 48
Figure 31 - Simplified representation of steel, concrete and bond stresses in the disturbed area in the
crack formation stage of a RC member (adapted from [30, Figs. 7.6-3])......ccccevvennn. 49
Figure 32 — Load transmission from steel to concrete due to bond (extracted from [68])............... 50

Figure 33 - Simplified representation of steel, concrete and bond stresses in the disturbed area in the
crack formation stage of @ FRC MemDbEr. .....ccvviiiviiiiiiiice e 52

Figure 34 - Determination of effective area of concrete in tension, A, ., for: a) beams; b) slabs; c)

walls (extracted from [30]). ...cveieiiiiii e 54
Figure 35 - Generic rectangular FRC cross-section for determination of moment-curvature
FEIAtIONSNID. o e 59
Figure 36 — User interface window of the SOftWare. ........cceeviiiiiii i, 60
Figure 37 — User interface window: a) Cross-section geometry; b) FRC material properties............ 61
Figure 38 — User interface window: Conventional reinforcement data............ccooevvveeviieeeiccveeeeee, 61
Figure 39 — User interface window: Data for calculation of structural characteristic length............. 62
Figure 40 — User interface window: Selection of type of analysis to be performed.............ccu.......... 62
Figure 41 — User interface window: Selection of shear capacity analysis. .........cccoceeeveeeiieeineeennee. 63
Figure 42 — Main flowchart of FRCCAIC. .........coooviiiiiiece e 64
Figure 43 - |dealization of the geometry of the FRC cross-section. .........cccceeeveiiiiiiiiiiciic e, 65
Figure 44 — Bending moment vs. curvature relationship for FRC and RC cross-section of Example no.1
beam, determined from FRCcalc and DOCROS. ........cccoooiiooeeeeeeeeeeeeeeeeeeee 71
Figure 45 - Design crack width vs. resisting bending moment at SLS relationships for FRC and RC
cross-section of Example N0.1 BeaM. .....ocouiiiiiii i 72
Figure 46 — Bending moment vs. curvature relationship for FRC and RC cross-section of Example no.2
slab, determined from FRCcalc and DOCROS. ........c.ccoooiiiiiiiceeeeeeee e, 75
Figure 47 — Design crack width vs. resisting bending moment at SLS relationship for FRC and RC
cross-section of Example n0.2 Slab. ........oooiiiiiii 76

Figure 48 — Main properties of the experimental data of the database: a) Cross-section width and
effective depth; b) Shear span to effective depth ratio; c) Conventional and fiber
reinforcement ratio; d) Mean compressive Strength. ..........ooovveeiiiiiiiiccee e 79

Figure 49 — Residual flexural strength of SFRC beams of the DBs. ......cccovviiiiiiiiiiiiiiciccee 83

XVili



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 50 - Statistical analysis of 4 for both MC2010 shear resistance models considering the use
of experimental and estimated values of fi; ....c.cooooiiiiii 84

Figure 51 - Comparison of experimental and shear strength determined from both MC2010 prediction

Figure 52 - Statistical analysis of A4 for both MC2010 shear resistance models. ...........c..cocu....... 85
Figure 53 — Comparison of the value of A4 for each sample determined by the theoretical models.86
Figure 54 — Predictive performance of the theoretical models, safe (A4 >1) and unsafe (4 <1).... 86
Figure 55 - Relationship between A and effective shear span ratio, a/d ; the depth of longitudinal

reinforcement, d ; the mean concrete compressive strength, f_: the mean value of the

cm?

ultimate residual tensile strength, f the ultimate crack width, w,; and the strain at

Ftum ?

mid-depth of the effective shear depth, &, ......c.cccooiiiiiiiiiii 88
Figure 56 — Compressive stress vs. strain model adopted in NLMM107 constitutive model........... 91
Figure 57 — Fiber orientation profile. ........ccccooiiiiiii i 92
Figure 58 — Zones of cross-section for the determination of the fiber orientation factor due to wall

1Tt TSRO U PRSPPI 94
Figure 59 — Fiber segregation MOGEL. .........eiieueie e 96
Figure 60 — Components of the fiber pullout reSPONSE........coovviiiiiiiiecce e, 98

Figure 61 - Idealized bond stress vs. slip (7, , —&') for the pullout response of an aligned fiber. .. 99

Figure 62 — Definition of fiber bending angle, J .....coov e 99
Figure 63 - Idealized bond stress vs. slip (7, ,—¢&) of the pullout response of an aligned fiber,

considering the engagement length of fIDErs. .......ocvvveviiiiiii i 100
Figure 64 — Pullout force of a fiber with the orientation ¢, . ..., 101

Figure 65 — Schematic representation of coupling of the fiber orientation profile, fiber segregation and
fiber pullout resistance model: a) Lateral and section cut view of a cracked FRC member;
b) Determination of total number of fibers in a cracked layer, based on segregation model;
c) Crack width of the jth layer; d) Example to determine the fiber pullout force at the

cracked j" layer, considering NA@ =4; A =22.5° .........cocvmimerninirineeieeinn, 103

Figure 66 — Cross-section geometry and reference values of the SFRC material properties considered
INTNE CASE STUAY. ..eiieveiie ittt e e e e e e eaae e e e eanes 104

Figure 67 — Moment vs. rotation relationship of cross-section considering nA@ =4, 9, 15, 30.. 105

Figure 68 — Moment vs. rotation relationship of cross-section, considering different engagement

Figure 69 — Bond stress vs. slip considering three engagement models. ..........ccocvvviviiieiiicnnnnnn, 106

Figure 70 - Bond stress vs. slip (7, , —&) of the pullout response of an aligned fiber considering

Toop =21 5,10, 20MPAL. c.ccoosvereeeseenseeseesensseeseee e 107

Figure 71 — Moment vs. rotation relationship of cross-section considering z, , , =2, 5, 10, 20MPa.

XiX



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 72 - Bond strength vs. slip (z, , —o') of the pullout response of an aligned fiber considering

S, =0.1,0.5, 1.0, 5.0MM . oot 109
Figure 73 - Moment vs. rotation relationship of cross-section considering 5p =0.1,0.5,1.0, 5.0mm
................................................................................................................................ 109
Figure 74 — Bond strength vs. slip (7, , — &) of the pullout response of an aligned fiber considering
0, =0.1,0.5,1.0, 5.0MM ..o 110
Figure 75 — Moment vs. rotation relationship of cross-section considering « =0.001, 0.01, 0.1, 1.0
................................................................................................................................ 110
Figure 76 — Bond strength vs. slip (7, , — &) of the pullout response of an aligned fiber considering
L =0.050.5 1.0, 5.0 e 111
Figure 77 — Moment vs. rotation relationship of cross-section considering £ =0.1,0.5, 1.0, 5.0.
................................................................................................................................ 112
Figure 78 - Division of cross-section for determination of fiber orientation factor due to the existence
of notch: @) 1; /2> ND;b) 1, /2<ND - 113

Figure 79 - Derived bond stress vs. slip (z, , —o') of the pullout response of an aligned fiber for the

numerical model of the FRC studied in :a) Pereira [110]; b) Lameiras [111]; c) Frazéo et
al. [112]; d) Valente et al. [113]; e) mixture c15_f45 of Salehian [49]; f) mixture c25_f60
(o N[ a =TT R PRSI 117

Figure 80 — Derived bond stress vs. slip (7, , —o') of the pullout response of an aligned fiber for the
numerical model of the FRC studied in: a) mixture c45_f90 of Salehian [49]; b) mixture

c30_f45 of Salehian [49]; c) Soltanzadeh et al. [114]; d) Frazéo et al. [15]; e) Amin [41];
f) Pajak €t @l. [115]. woeirieeiiiece ettt 118

Figure 81 — Experimental and numerical model comparison of force vs. CTOD relationship of the FRC
studied in: a) Pereira [110]; b) Lameiras [111]; c) Frazdo et al. [112]; d) Valente et al.
[113]; e) mixture c15_f45 of Salehian [49]; f) mixture c25_f60 of Salehian [49]. ...... 119
Figure 82 — Experimental and numerical model comparison of force vs. CTOD relationship of the FRC
studied in: a) mixture c45_f90 of Salehian [49]; b) mixture c30_f45 of Salehian [49]; c)
Soltanzadeh et al. [114]; d) Frazdo et al. [15]; €) Amin [41]; f) Pajak et al. [115]....... 120
Figure 83 — Crack propagation in the cross-section of notched FRC prisms........c..cccoceeeiveeinneenne 121

Figure 84 — Examples of crack tortuosity and branching of notched FRC prisms submitted to 3-point
bending tests (extracted from [118], [119]). uuiiiiiieiiieiiieecee e 122
Figure 85 — Schematic representation of methodology to derive the crack diffusivity factor, x . a) Fiber
pullout tests; b) 3-point nothed beam bending tests; c) Direct tensile tests................. 123

Figure 86 — Experimental and numerical model comparison of force vs. CTOD relationship considering
x =1.20 for the FRC studied in: a) mixture c30_f45 of Salehian [49]; b) Soltanzadeh et
| R RO 123

Figure 87 - Derived bond stress vs. slip (z, , —o') of the pullout response of an aligned fiber for the

numerical model considering x =1.20 for the FRC studied in :a) mixture ¢30_f45 of
Salehian [49]; b) Soltanzadeh et al. [114]. ..ccooiiiiiiiiiieecece e, 124

XX



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 88 — Derived bond strength vs. slip (z, , — ') of the pullout response of an aligned fiber for
the numerical model of all cases studies, according to type of fibers: a) hooked-end fibers;
b) straight and recycled fIDErS. .......cooviiiiiii e 124
Figure 89 - Ratio between 7, _ . 125

/ T Ve UVEM 05+ +5+ 55 es s

Figure 90 — R-FRC beams submitted to four-point bending tests (extracted from [120])............... 127

Figure 91 — Comparison between the experimental and numerical model force vs. midspan deflection
for the R-FRC beams submitted to 4-point bending tests considering different FRC mixtures:
a) c15_f45; b) c25_160; and ¢) c45_f90 [114]..ccoueiiviiiiieieee e 129

Figure 92 - Experimental and numerical model comparison of moment vs. crack width at
reinforcement level for the R-FRC beams submitted to 4-point bending tests considering

different FRC mixtures: a) c15_f45; b) ¢25_160; and c) ¢c45_f90 [114]. .....oevveuvnee.. 130
Figure 93 — Steel profiles GEOMELIY. ......oiiiuiieiee e 131
Figure 94 - 3-point bending test setup and section cuts of composite beam (dimension in mm) [113].

................................................................................................................................ 131
Figure 95 — Composite beam ready for testing [113].....cccviiiiiiiiiiiiie e, 132
Figure 96 — Experimental and numerically derived moment vs. curvature relationship at four section

cuts of the composite beam studied in [113]. ..ooooiviiiiiie e 133
Figure 97 — Comparison between the force vs. midspan deflection of the composite beam submitted

to 3-point bending studied in [113]. ..ocooiiiiiece e 133
Figure 98 — CBM strain under constant load and temperature. ........ccccooeeeieieiciei e, 137
Figure 99 - Viscoelastic behavior: a) Creep; b) Relaxation. .........cccoovvvveeiiiiiiciicee e 138
Figure 100 — General form of creep deformation. ...........ccoeeeeiiiiiii i, 138
Figure 101 - Recoverable and irrecoverable components of creep strain. ........cccccvevvecveveeevvneenn, 139
Figure 102 - Typical curves of creep compliance [128].......ccovviiiiiiiiiiiiec e, 140
Figure 103 — Superposition principle of creep strains (adapted from [123]). ....ccoovvviieiieeeiinieenn, 141
Figure 104 — Decomposition of time varying stress history. ........cocoeeiiiieiice e, 142

Figure 105 — Example of specific creep curves for a material loaded at different time instants. ... 144

Figure 106 — Example of the dependence of creep strain of concrete specimens with the loading age

(extracted from [130]). coveeiieeiie et 147
Figure 107 — Example of loading-unloading creep response of aging material (adapted from [146]).
................................................................................................................................ 148
Figure 108 - Dependence of creep compliance rate with loading age t, in the log (t —to) time scale
(based 0N [128, Fig. 2.1]) uuiii ittt 150
Figure 109 - Example of divergence of creep curves and nonmonotonic recovery of creep strain upon
total unloading (t, - point of recovery reversal) (adapted from [151, Fig. 1]). ............. 151

Figure 110 - Creep curve in log-time scale (a - true elastic deformation; b - true creep; a’ - conventional
elastic deformation; b’ — conventional creep) (adapted from [158, Fig. 1])................. 154
Figure 111 — Example of three creep functions ( L = 3) to be fitted, where each function is defined
by different number of points: M1=10; M2=8; M3=7.......ccoceverriririceeeeee e 168

XXi



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 112 - Estimation of the creep function using the ACC model based on the experimental results

of concrete samples (extracted from [179])...coceiiiiiiiiiii e, 169
Figure 113 - Estimation of the creep function using the ACC model based on the experimental results
of epoxy samples (extracted from [179]). ...cooovieeiiorieee e 169
Figure 114 - Estimation of the creep function using the ACC model based on the experimental results
[181] of coNCrete SAMPIES. ....ccoviiiciei et 170
Figure 115 - Estimation of the creep function using the ACC model based on the experimental results
[182] 0f CONCIEtE SAMPIES. ...ttt 170
Figure 116 — Comparison between ACC and B4 models Creep CUurves. .......ccoceeevveeevieceineeecnnennne, 171
Figure 117 - Dirichlet series approximation of the creep function. a) curve of a single exponential in
log-time; b) decomposition of the creep function (adapted from [128, Fig. 2.7])......... 172
Figure 118 — Kelvin generalized MOdel. .......cccviiiiiiiiiiciee e 173
Figure 119 - Displacement, stress components and local coordinate system of a crack.............. 178
Figure 120 — Comparison between estimated and experimental creep compliance curves of concrete
SEUAIEA 1N [197]. ettt 183
Figure 121 - Load history of concrete specimen [197]......uovevivieeiieeee e 183
Figure 122 - Experimental and numerical model comparison of the longitudinal strain of the concrete
specimen submitted to the creep test. ... 184
Figure 123 — Beam geometry, reinforcement, support and loading configuration (dimensions in mm)
2 OSSPSR 185
Figure 124 - Finite element mesh: line elements in blue line; solid elements in black line; supports in
red circles (dimenSionNS iN MMY).......ociiiiie e e 186
Figure 125 — Comparison between the creep compliance curves obtained by the B4 model and by the
NLMM174 model for the concrete studied in [198]. .....cccoovieiiiiieiice e 187
Figure 126 — Trilinear tensile-softening diagram. ...........coovviiiiiiiii e, 188
Figure 127 — Displacement along x3 obtained in the static analysis (displacements in mm, deformed
mesh with 50x magnification factor)..........ccccoveiiiii i 189
Figure 128 - Crack pattern obtained in the static analysis (only displayed cracks with computed crack
width higher than 0.005mMm). .....oooiiiii e 190
Figure 129 - Displacement along x3 obtained in the transient analysis (displacements in mm,
deformed meshes with 50x magnification factor)...........cccccvvveiiiiiiiii 190
Figure 130 - Evolution of midspan deflection of the reinforced concrete beam. ...........cceeeeee. 191

Figure 131 - Crack pattern obtained in the transient analysis for t = 750days (only displayed cracks
with computed crack width higher than 0.005mm). ......ccooviiiiiiiiii e 191

Figure 132 — Isoparametric zero-thickness finite elements available in FEMIX: a) linear 4-node; b)
quadratic 6-node; c) Lagrangian 8-node; d) Serendipity 16-node (extracted from [199]).
................................................................................................................................ 193

Figure 133 - Shear stress vs. relative sliding displacement (r—s) monotonic response of the
CONSEITUTIVE MOUEL ... 195
Figure 134 — Schematic representation of the influence of the value of parameters ¢, and «, inthe

shape of the 7—S relationShip. ......ooooieieieee e 196

XXii



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 135 —Relationship between friction coefficient and accumulated relative sliding displacement

(1—s,) of the interface. ...........coooviiiiiic e, 197
Figure 136 — Representation of the types of curves considered in the cyclic hysteretic model...... 198
Figure 137 — Representation of parameters of reversal CUrnve 3. ......cceveeecieeiiiceee e 199
Figure 138 — Representation of parameters of reversal curve 4. .........ccooveeevieiiiiieie e, 200
Figure 139 — Representation of parameters of returning curve 5......ccooeveveeeiiciii e 201
Figure 140 - Representation of parameters of returning curve 6...........coceeeeveiiiieeiie e, 202
Figure 141 - Representation of parameters of first transition curve 7. ......cccoevveveeeiicieeieeieen, 203
Figure 142 — Representation of parameters of first transition curve 8. ........ccoeeiiiiiiiiiiiiiii, 204
Figure 143 — Representation of parameters of second transition curve 9. ........ccoocvvivvieeeiicnneenn, 205
Figure 144 — Representation of parameters of second transition curve 10. .......cccoeeeveiiinieennnennne, 206

Figure 145 - Representation of reversal from second transition curves of: a) Rule 9; b) Rule 10. 207

Figure 146 — Geometry, load and support conditions considered in the numerical model (dimensions
I 0 100} TSROSO 208

Figure 147 - Evolution of friction coefficient with the accumulated sliding displacement.............. 209

Figure 148 — a) Prescribed horizontal displacement at node 9, 10 and 11 for the set A of load
combinations. b) Shear stress vs sliding displacement at the IP2 of the interface element.

Figure 150 - a) Prescribed horizontal displacement at node 9, 10 and 11 for the set B of load
combinations; b) Shear stress vs sliding displacement at the IP2 of the interface element.

Figure 151 — a) Prescribed horizontal displacement at node 9, 10 and 11 for the set C of load
combinations; b) Shear stress vs sliding displacement at the IP2 of the interface element.

................................................................................................................................ 212
Figure 152 — Test setup of slab tested in [201] (dimensions in MM).......cccocveeeviiieeiiciieee e, 213
Figure 153 — Finite element MESh. ... 214
Figure 154 — Horizontal load vs. displacement in the X, direction relationship of the slab........... 215

Figure 155 - Stress-strain distribution in 3PNBBT critical cross-section at ULS considering the rigid-

plastic Model for FRC. ........oooiiiiei e 230
Figure 156 - Stress-strain distribution in 3PNBBT critical cross-section at SLS for determination of
B g ettt 231

Figure 157 - Values of k, for the linear model and considering | = hSp (extracted from [39]).. 232

Figure 158 - Stress-strain distribution in 3PNBBT critical cross-section at SLS for determination of
B e oot ettt e te e eae e et e teeataearaean 233

Figure 159 - Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for positive curvature and neutral axis position
iNSide the CroSS-SECHION. ....cci i 236

Xxiii



Advanced tools for design and analysis of fiber reinforced concrete structures

Figure 160 — Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for negative curvature and neutral axis position
INSIde The CrOSS-SECHION. ....ciii et e e 237

Figure 161 - Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for positive curvature and neutral axis position
outside the CrosS-SECHION. ...iiiiiiiii e 240

Figure 162 — Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for negative curvature and neutral axis position
outside the CroSS-SECHION. .....ccoiiiiieeee e 242

Figure 163 — Generalized multi-linear model for FRC in tenSion. ......ccvvveveiiiee i 245

Figure 164 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional
reinforcement, adopting quadrilinear stress-strain diagram, for positive curvature and
neutral axis position inside the croSS-SECHION. ........occcuvviiiiiei e 248

Figure 165 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional
reinforcement, adopting quadrilinear stress-strain diagram, for negative curvature and
neutral axis position inside the CrosS-SECtION. ......cvvvviieviiie i, 250

Figure 166 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional
reinforcement, adopting quadrilinear stress-strain diagram, for positive curvature and
neutral axis position outside the cross-Section. .......ccccvvveveieiiiiiiiiiieeee e 253

Figure 167 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional
reinforcement, adopting quadrilinear stress-strain diagram, for negative curvature and
neutral axis position outside the CrosS-SECtoN. ........ocoveviiiiiiiee e, 256

Figure 168 - Possible distribution of stresses, strains, tensile forces and forces levers for the reinforced
tensile zone of a FRC cross-section with longitudinal conventional reinforcement, adopting
quadrilinear stress-strain diagram. .......ccueiiiiiiii i 258

Figure 169 — Menegotto-Pinto CUINVE. .......veiiii i 314
Figure 170 - Algorithm to determine the parameters that control the shape of the Menegotto-Pinto

XXiV



Advanced tools for design and analysis of fiber reinforced concrete structures

LIST OF TABLES
Table 1 - Relationship between CMOD and & [B4].....cuveiiiicieecie e 9
Table 2 - Value of k; and o depending on prism bending test standard [60]. ..............cceueeeee. 34
Table 3 - Values of 7., B and 7, for deformed reinforcing bars (extracted from [30]).............. 54
Table 4 - Verification of stress limitation criteria for Example no.1 beam. .......ccocceeveieiiiicnenennee, 73
Table 5 - Verification of stress limitation criteria for Example no.2 slab...........ccoceeviiiiiiiiininnne. 76
Table 6 — Prism bending test standards adopted for the evaluation of the residual flexural strength,
fr , considering the different SFRC mixes present in the DBs. ........c.ccooiiiinn 80
Table 7 - Statistical results of the residual flexural strength prediction model [66]. ....................... 81
Table 8 — Statistical analysis of the ratio between the experimental and estimated values of the residual
flexural strength, o, oo, 82
Table 9 — Adapted version of the Demerit Points CIASSITICALION. ............cocevueeiieiieeeicieeeeeieeeeann, 87
Table 10 - Algorithm to determine number of fibers within each orientation angle interval. ........... 95
Table 11 — Material properties of the FRC mixtures considered in the assessment of the predictive
performance of the NEW MOAEL ........ocvveiiiieie e 116
Table 12 - Basic creep compliance evolution of DPL model. ......c..coovveiiiiiiiiiiiiiececieeciee e, 154
Table 13 - Creep coefficient function based on EC2 model [37]. ..ccovveeiiciieeiiiieeee e, 157
Table 14 - Creep coefficient function based on MC2010 model [30]. ...ccvvevivieiiieeiiieeciieeeiee, 159
Table 15 — Creep compliance function based on B3 model [170]. ....ooevvvvieeiiiieeeicieee e, 162
Table 16 — Creep compliance function based on B4 model [175]....cccovcveiiiiiiiiiicieeeee e, 165
Table 17 — Properties of the steel reinforcements [198]. .....ccovvvriieiiiiei i, 185
Table 18 — Maximum stress level of the steel reinforcements obtained in the static analysis. ...... 189
Table 19 — Maximum stress level of the steel reinforcements obtained in the transient analysis for
£ 750TAYS .ottt 191
Table 20 — Material properties of the constitutive model of the interface. ........ccccccoevvvveeiicnnnnennee, 208
Table 21 - Material properties of the constitutive model of the interface. ........ccoovvvvvveiiiiiiiiiinnne.. 214
Table 22 — Reference values of concrete mechanical properties for each strength class [30]. ..... 229
Table 23 - Algorithm for determination of structural characteristic length of FRC member. ......... 262
Table 24 — Algorithm to set the formulas for effective height of tensile zone of cross-section. ...... 264
Table 25 — Algorithm for definition of constitutive model for concrete in compression.................. 266
Table 26 — Algorithm for definition of constitutive model for steel in compression or tension. ...... 267
Table 27 — Algorithm for definition of constitutive model for FRC in tension at ULS. .................... 268
Table 28 - Algorithm for definition of constitutive model for FRC in tension at SLS.................... 270
Table 29 - Algorithm to determine neutral axis and curvature of a FRC or RC cross-section. ....... 273
Table 30 - Algorithm to set the formulas for forces in a FRC cross-section...........ccccvvveevvcvveeenee. 275

Table 31 - Algorithm to set the formulas for forces depth and moments in a FRC cross-section.. 276
Table 32 - Algorithm to set the formulas compatibility equations. .........cccccoeviiiiiiiiiiiiiiice, 277

XXV



Advanced tools for design and analysis of fiber reinforced concrete structures

Table 33 - Algorithm to resolve the equilibrium equations and find solution for neutral axis position
and CroSS-SECTION CUNVATUIE. .. ..ii i 277

Table 34 — Algorithm to determine the moment-curvature relationship of a FRC or RC cross-section.

................................................................................................................................ 279
Table 35 - Algorithm to resolve the equilibrium equations and find solution for neutral axis position
and bending MOMENT. ......oiiiiii e e e e e earre e e 282
Table 36 — Algorithm to check if tensile failure of FRC is reached. ........cccceeivvieiiiiiiciceeee, 283
Table 37 — Algorithm to determine shear resistance of FRC cross-section. ..........cccccvvvvevvcvveeennee, 284

Table 38 - Algorithm to determine shear resistance of FRC cross-section without longitudinal and
Shear reINfOrCEMENTS. ....ciiiii et 285

Table 39 - Algorithm to determine shear resistance of FRC cross-section with longitudinal
reinforcement, based on empirical Model. ........cccccovieiiiiiiiiie i, 285

Table 40 - Algorithm to determine shear resistance of FRC cross-section with longitudinal
reinforcement and with or without transversal reinforcements, based on VEM/SMCFT
L0107 [ RO 288

Table 41 — Algorithm to determine shear resistance of RC cross-section. ........cccccevevvveeiiciveeennne, 291

Table 42 - Algorithm to determine shear resistance of RC cross-section with longitudinal
FRINTOTCEMENT. ..t et e e et e e e te e e sabeeeeaes 292

Table 43 - Algorithm to determine shear resistance of RC cross-section with longitudinal and
transverse reinforCEMENTS. ......ccuii i 293

Table 44 — Algorithm to determine the bond transfer length in a FRC and RC cross-section......... 296
Table 45 - Main algorithm to determine the design crack width of a FRC and RC cross-section at SLS.

................................................................................................................................ 297
Table 46 — Algorithm to determine the design crack width of a FRC and RC cross-section........... 298
Table 47 — Algorithm to determine moment-crack width relationship of FRC and RC cross-section.

................................................................................................................................ 300
Table 48 — Algorithm to determine the moment at crack initiation. ........ccccccoevieiiiiiic i, 304
Table 49 - Algorithm of routine of stress limitation serviceability verifications..............cccccoenee. 305
Table 50 - Database of beams shear tests and results of theoretical models. ...........ccccceeveenneee. 309
Table 51 — B4 model creep parameters dependent on cement type [175]. ...cccvvveiiiiiiiiiiinieenee, 312
Table 52 — B4 model shrinkage parameter dependent on aggregate type [175].....cccvvevvvveennnee. 313

XXV



Advanced tools for design and analysis of fiber reinforced concrete structures

INTRODUCTION

Concrete is a cement-based material that can exhibit a high compressive strength. Its main
disadvantage consists in its brittleness, i.e. relatively low tensile strength and low tensile deformability.
The use of tensile reinforcements in concrete structural elements improves their tensile and flexural
response, limits the crack opening to acceptable values, and increases the stiffness of the structural
elements after crack initiation. These reinforcements can be incorporated in a discrete manner, e.g.
conventional steel or fiber reinforced polymer (FRP) in the form of bars or grids, or by dispersing fibers
into the concrete matrix. In the market exist fibers of several types of materials (metallic, synthetic,
vegetable, etc.) and geometric configurations (longitudinal and transversal shape). Although the
employment of natural fiber reinforcements in concrete is dated to the beginning of the 1900's [1], it
was majorly since its modern age development, in the 1960's [2], that fiber reinforced concrete (FRC)

has being showing enormous potentialities for use in structural elements.

The use of fiber reinforced concrete in the construction of structural systems has being progressively
increasing in the last decades for new construction and repair operations of building’s structural
elements (slabs, beams, columns and foundations), shell type structures, pre-fabrication elements,

pavements, roads, tunnel linings, decks of bridges, marine structures, etc.[1], [3].

The use of short and randomly distributed fibers increases concrete post-cracking tensile capacity, its
ductility, energy absorption capacity and impact resistance when compared to plain concrete (PC) [4],
[5]. Additionally, the restrain to crack propagation, provided by the different fiber reinforcement
mechanisms enhances the durability and integrity of cement based materials. The fundamental
reinforcement mechanism of fibers consists in the capacity of ensuring relatively high stress transfer
between the faces of cracks, by restraining the degeneration of micro-cracks in meso- and macro-
cracks, which increases the stiffness and load carrying capacity of concrete structures in their cracking
stage, as well as their durability [6]-[9]. For FRC's with regular content of dispersed fibers, which
generally ranges from 0.2 to 2.0% in volume of FRC, the pre-cracking response and tensile strength
of concrete remain unaltered [3], [6]. Conversely, fiber contribution after cracking depends mainly on
the content of fibers, their orientation and distribution towards the potential cracks, the material and
geometric characteristics of the fibers, and the mechanical properties of the concrete, which are
designated as the variables that mainly affect the fiber reinforcement mechanisms. Likewise, the

compressive strength of FRC’s is similar to plain concrete, while the post-peak load and deformation
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capacity increase with the variables that have a favorable influence on the fiber reinforcement

mechanisms [10]-[12].

When used in structural elements, fiber reinforcement can: improve the tensile and flexural response
[13]-[15]; increase the shear and punching resistance of concrete [16]-[19]; restrain the crack
opening [20], [21]; reduce the deformation of members [22]-[24]; decrease the tensile stress in
conventional reinforcement [24]; improve the bond performance of conventional reinforcement to
surrounding concrete [25], [26] and improve concrete fire resistance [27], [28]. From the design point
of view, the use of FRC can benefit the ultimate and serviceability limit states verifications. Additionally,
fiber reinforcement can replace partially or even totally conventional steel bars, mainly in statically
indeterminate structures. Fiber reinforcement is being also explored with appreciable success on the
partial or integral replacement of transverse reinforcement, such in the shear reinforcement of beams
[29] and in the punching reinforcement of slabs [19]; decreasing the construction time; and reducing

construction and maintenance costs.

Different types of fibers can be used in the production of FRCs, namely [1], [6]:

- Steel fibers, with different shapes, aspect ratio (length to diameter ratio) and tensile strength;

- Glass fibers, namely alkali-resistant glass fibers;

- Synthetic fibers, like polypropylene (PP), polyvinyl alcohol (PVA), aramid, etc.;

- Carbon fibers, namely pitch and polyacrylonitrile (PAN);

- Natural fibers, like sisal, cellulose, asbestos, etc.
Generally, fibers with high modulus of elasticity and tensile strength can improve significantly the post-
cracking strength of cement based materials, like steel, carbon and PVA fibers, while low-modulus
fibers are mostly used to control cracking shrinkage at early ages [1]. Polypropylene fibers can also

be used to avoid concrete spalling in a fire scenario, as they melt when submitted to high

temperatures, creating channels that can relieve water pressure in concrete pores [10].

1.1 Research significance

Although several research activities have been carried out, including the description of fiber

reinforcements potentialities and development of design rules and codes [30]-[32], in the designer’'s
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community there is still a lack of knowledge in the dimensioning of FRC structures. Furthermore, the
available analysis and design numerical tools dedicated to FRC structural members is scarce or even
inexistent in some design aspects. These circumstances are avoiding a faster use of this material, with

economic and technical detrimental impact in the construction sector.

This work aims to contribute for the design process of structural elements with FRC using the
recommendations of one of the most recent and comprehensive design codes, the fib Model Code
2010 (MC2010), while complementing the design guidelines with the findings of the most recent
academic works. In addition, are developed numerical tools that consider the relevant specificities of
this FRC and improve the simulation capabilities of some particularities of structural members where

this material is adopted.

It is expected that this work constitutes a valuable contribute to the dissemination of knowledge related
to the design and analysis of FRC structures. The developed numerical tools will be readily used in the
analysis and design of fiber reinforced concrete members, which can ultimately contribute to the

increase of the use of FRC in structural elements.

1.2  Objectives

This thesis is focused on the development and implementation of numerical tools to be used in the

analysis and design of fiber reinforced concrete structural elements. The main objectives are:

- Development of software for the evaluation of the flexural and shear behavior of FRC members
according to MC2010 design guidelines and recommendations;

- Appraisal of the MC2010 FRC shear resistance models considering an extensive shear test
database;

- Implementation of an integrated approach coupling the effect of fiber orientation profile, fiber
segregation, and fiber pullout resistance on a numerical tool for the evaluation of the flexural
response of FRC members.

- Development and implementation in FEM-based software of an aging creep model for the
simulation of the nonlinear behavior of cement based materials since early ages, coupling the
creep model to the other thermo-mechanical constitutive model, by considering the concrete
maturation, shrinkage and cracking;

- Development of a cyclic-hysteretic constitutive model for the simulation of the contact between
different materials, which is a relevant modeling aspect on FRC slabs supported on soail.
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1.3 Thesis outline

The thesis is divided in eight chapters. This chapter corresponds to the introduction, while the last

chapter is dedicated to the conclusions and possible recommendations for future research.

In the second chapter is presented the design guidelines and recommendations for FRC structures
provided in the 76 Model Code 2010, which, when applicable, are complemented with the more

advanced models published in academic works.

The third chapter is dedicated to present a new software — FRCcalc - developed for the analysis and

design of FRC member considering the design rules provided in the second chapter.

In the fourth chapter is appraised the performance of the shear resistance prediction models

considering an extended version of a database of results of experimental tests of FRC elements.

The fifth chapter is devoted to the development of a novel model for predicting the flexural capacity of
FRC members failing in bending, capable of considering the relevant fiber reinforcement mechanism,
namely: fiber orientation profile, fiber segregation and fiber pull-out resistance. This model was
implemented in a software for the prediction of the moment-rotation response of this type FRC
members, and its predictive performance was assessed by simulating FRC notched beams submitted

to 3 points bending tests

Chapter sixth is dedicated to the development of a creep model for cement based materials and its
implementation into the FEMIX computer program in order to increase the potentialities of this
software for modeling the time dependent phenomena and cracking of these materials since their
early age. In this context the developed creep model was coupled with a thermo, maturation, shrinkage

and cracking model components available in FEMIX.

In the seventh chapter, a new cyclic-hysteretic constitutive model is described and implemented into
the FEMIX for the simulation of contact between different materials, namely FRC slabs supported on

ground and the foundation granular layers.
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2 DESIGN OF FIBER REINFORCED CONCRETE STRUCTURAL ELEMENTS

2.1 Introduction

In the last decades, an extensive research has been conducted on FRC structures, mainly concerning
the description of fiber reinforcement potentialities and experimental characterization from the
material to the structural level. Although some design rules and codes have been developed, as is the
case of the 7ib Model Code 2010 [30], the ACI 544.4R-88 [32] and the RILEM TC 162-TDF [31], in
the designer's community there is still a lack of knowledge in the analysis of FRC structures, which
avoids a faster use of this material, with economic and technical detrimental impact in the construction

sector.

The present chapter aims to present a comprehensive analysis of the design process of structural
elements with FRC using the recommendations of one of the most recent and comprehensive design

codes, the 7ib Model Code 2010 (MC2010) [30].

2.2 Material characterization and classification

When assessing the uniaxial tensile behavior of a FRC, two types of responses can be obtained: (i)
strain-softening or (ii) strain-hardening. A FRC has a tensile strain-softening behavior when a reduction
of load carrying capacity with the increase of crack width opening occurs after the formation of the
first crack (Figure 1a). Conversely, in a strain-hardening material the load carrying capacity increases
with the material deformation (Figure 1b), up to a strain of &, =1.0%. In strain-softening FRC a
major failure crack is formed, while in strain-hardening a diffuse crack pattern is observed. Commonly,
for usual volume contents of fibers, FRC’s exhibit a tensile strain-softening behavior, while for high
performance matrix and high fiber contents (>1.5% in volume of FRC) is possible to attain a strain-

hardening behavior [33].
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Figure 1 - Typical load ( P ) - deformation (o) of FRC: a) Tensile strain-softening; b) Tensile strain-
hardening (extracted from [33]).

The tensile behavior of a specific composition of a FRC can be determined by performing uniaxial
tensile tests. Nevertheless, the execution of these tests is quite cumbersome, namely direct tensile
tests. Therefore, for material characterization, 3-point notched beam bending tests (3PNBBT) are
executed according to EN 14651 [34] or RILEM 162-TDF [35]. However, due to the strain variation
profile obtained during bending tests and stress redistribution provided by the fiber reinforcements, it
can be observed that in 3PNBBT the peak load arises after the first crack load. This response
characterizes a material as deflection-hardening and cannot be confused with the tensile strain-
hardening behavior that can only by assessed in uniaxial tensile tests. While tensile strain-hardening
materials always exhibit a deflection-hardening behavior, strain-softening materials can present a
deflection-hardening or softening response in 3PNBBT. In Figure 2 is presented a summary of the
possible softening and hardening characterization of FRC's. In this figure is also provided additional
information regarding the critical volume of fibers needed to achieve a strain-hardening or deflection-

hardening response.
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critical volume of fibers to obtain hardening response (extracted from [10, Ch. 3]).

From the execution of 3PNBBT, it is possible to evaluate the post-cracking tensile strength of a FRC.
The test setup and typical load vs. crack mouth opening displacement (CMOD) relationship are
presented in Figure 3. Based on the force values, F; (j =1, 2, 3, 4) corresponding to specific values
of CMOD, the residual flexural tensile strength, ij , is determined from the following expression:

3.F, I

= Eqg. (2.1
Rj 2'b'hszp q. (2.1)

where | is the span length of the test beam; b is the width of the specimen’s cross section; and hsp
is the distance between the notch tip and the beam top face. By specifying the values of the residual

flexural strength, it is possible to compare the post-cracking behavior of different FRC's compositions.
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Figure 3 — Typical load-CMOD curve of FRC [30] (dimensions in mm).

In fact, the MC2010 resorts to the residual flexural strength concept to classify the post-cracking
performance of a FRC, by adopting a toughness class. The toughness class is determined from the
characteristic values of the residual flexural tensile strength of FRC for serviceability, fg, , and
ultimate state conditions, f,, . The value of f., corresponds to CMOD, =0.5mm and f., to
CMOD, =2.5mm. The toughness class is defined by a value associated to an interval of f.,, , and
a letter corresponding to the residual strength ratio, fi,, /f, - The fo, can be selected from the
series: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 5.0, 6.0, 7.0, 8.0, ... [MPa], while the letter corresponding to
frax/ fruc is determined from the following intervals a=[0.5;0.7[; b=[0.7;0.9[; ¢=[0.9;1.1];
d =[1.51.3[; e=[1.3,+400[ . For example, after the execution of six 3PNBBT (Figure 4), the tested
FRC presents a characteristic residual strength f.,, =7.2MPa and a residual strength ratio of

fase/ frue =0.72. According to MC2010 classification, this FRC has a toughness class “7b”.

11 fin= 7.2 MPa
10 Sise= 5.2 MPa
9 frak/ frre=10.72
o Class:7h
£ 3 . :
b= i
P 7 ]
s 6 "
— I
[} s .
g i : | ik !
E 4 1 1 | ]
“ 3 : : 1 :
1 1 1 I
2 4 -1 P | ol @ 1
o] o =0 (=N}
1 21 2. 2 =N
o g1 g! S : c!
0 0.5 1 1.5 2 25 3 35 4

CMOD [mm]

Figure 4 — The concept of toughness class for FRC based on the relationship between the flexural
stress and CMOD [30].
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In the execution of 3PNBBT the midspan deflection (5) of the beams is, usually, also recorded, and
the following average relationship between ¢ and CMOD can be used in the post-peak region of the

load-CMOD curve [34]:

5[mm]=0.85-CMOD[mm]+0.04 Eq. (2.2)

In Table 1 is presented the conversion of the CMOD (ij=1234)t0 5.

Table 1 - Relationship between CMOD and ¢ [34].

j CMOD )
[mm] [mm]
1 0.50 0.47
2 1.50 1.32
3 2.50 2.17
4 3.50 3.02

For structural applications, MC2010 specifies that a minimum ratio between the residual tensile
strength at CMOD =2.5mm and CMOD =0.5mm (Eq. (2.3)) should be verified in order to
consider the tensile contribution of FRC in the ultimate limit state (ULS) resistance of a structural

element [30].

froge/ Foy > 0.50 Eq. (2.3)

An additional condition is also specified in MC2010, related with the ratio between the characteristic
value of the limit of proportionality, f, , and the residual strength, f.,, (Eq. (2.4)) [30]. The value of
f,. is given by Eq. (2.1), considering the maximum load value, F,_, registered on the 3PNBBT up to
CMOD = 0.05mm ([34], [35].

fau / e >0.40 Eq. (2.4)

For structural applications, when designers prescribe an FRC based on its performance, the toughness
class should be defined and coupled with the existing performance based grades applicable to plain
and reinforced concrete according to EN 206 [36], namely the compressive strength class, the
exposure class, the chloride content class and the consistence class, among others. These grading
classes are universally adopted by designers and producers. On the other hand, the concrete

manufacturer and construction supplier must define the concrete composition, specifications, type
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and amount of fibers, and also provide validation of the FRC's mechanical and rheological properties

considering the prescribed performance based classes.

In the dimensioning process, a conservative approach should be adopted by considering the lower
value of the residual flexural strength interval of the FRC toughness class. For example, when
prescribing a FRC of the 4d toughness class ( fo,, =[4.0;5.0] and fgg / fry =[1.1;1.3[), the post-
cracking response should be defined by the following residual strength values: f,,, =4.0MPaand
fra =1.1x4.0=4.4MPa . Additionally, the clauses for structural application of FRC must be
verified. At the design process, the value of the limit of proportionality is unknown. Therefore, for the
verification of the 2~ structural application clause (Eqg. (2.4)), it can be considered that the limit of
proportionality is equal to the characteristic value of the tensile strength of concrete ( f, = f, ). For
example, if the compressive strength class of the FRC is C30/37, the upper bound of the characteristic

tensile strength of concrete is f =3.8MPa [30], and, therefore, the residual tensile strength,

ctk,max

fry s shall be f,, >1.52MPa to comply with the 2+ structural application clause (Eq. (2.4)).
2.3 Constitutive laws for ULS and SLS

2.3.1 Concrete in compression

For the usual fiber concentrations used in FRC’s, its compressive behavior is similar to the one
observed in PC. Accordingly, the stress-strain relationships defined in MC2010 or Eurocode 2 [37] for
PC can also be used for characterizing the compressive behavior of FRC. The rectangular and bilinear

stress-strain relationships are usually used in the dimensioning process of concrete in compression.

The rectangular stress-strain distribution, presented in Figure 5, is defined by the following equation:

=n-f, :0<e<¢
g o o3 Eq. (2.5)

; €2 &3

10
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Figure 5 — Rectangular stress-strain relationship for concrete in compression [30].

The value of the ultimate compressive strain, &_ ., is defined according to the concrete compressive

w3
strength and can be obtained from Table 7.2-1 of MC2010 and Appendix A, based on the concrete
strength class. The factor 77 is determined according to Eq. (2.6), and the parameter A that affects
the height of the compression zone is determined from Eq. (2.7) [30]. If the width of the compression
zone decreases in the direction of the extreme compression fiber, the value of the effective strength,

n- f.,, must be reduced in 10% [30].

1.0 , f, <50MPa Eq. (2.6)
" 110-(f, -50)/200 :50< f, <100MPa A
08 £, <50MPa
- Eq. (2.7)
08 (f, ~50)/400 ;50< f, <100MPa

The bilinear stress-strain relationship, presented in Figure 6, is defined according to the following

equations:
f
oc=—"¢ ;¢6,<¢<0
Ee3
o= cd ; gcuS <&s ch Eq (28)
c=0 ;€< &y

11
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Figure 6 — Bilinear stress-strain relationship for concrete in compression [30].

In Eq. (2.5) and Eq. (2.8), both compressive stresses and strains adopt negative values.

In both types of relationships for concrete in compression, the design compressive strength, f,, is

obtained from the following expression:

Eq. (2.9)

where: o is a coefficient to take into account long term effects on the compressive strength of
concrete and of unfavorable effects from the way loads are applied; and y, is the partial safety factor
for concrete, taking the value of y, =1.5 for ULS design situations and y, =1.0 for serviceability
limit state (SLS) [30]. For normal design situations, where the first variable loads of the structure are
applied only after few months after casting, and the long-term compressive strength increase provided
by continuous hydration of cement compensates the unfavorable effect of sustained loading, is

appropriate to consider ¢, =1.0. Otherwise, o, =0.85is more suitable [30].

When concrete creep effects need to be considered in the analysis of a member cross-section, the
stress-strain relationship previously presented can be modified in order to take into account the
increased deformation of concrete under creep. Therefore, in the analysis the strains values of the
points defining the stress-strain diagram are multiplied by the factor (1+¢, (t,t,)). ¢ (t,t,) is the
creep coefficient defined as the relation between the creep strain &, (t) evaluated at the instant t

and the instantaneous strain &

ins

(t,) at the instant t, when the load is applied. However, during
analysis the compressive strain in the cross-section cannot exceed the ultimate compressive strain,

&3+ The model is illustrated in Figure 7 and formulated in Eq. (2.10).

12
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Figure 7 - Bilinear stress-strain relationship considering creep for concrete in compression.

az—fc"
ts-(1+9,)

o=f,

o=0

2.3.2  Steel in tension or compression

& 6, (l+g)<e<0ne2e¢

cu3

) €z SE€<Eg-(1+9,) Eq. (2.10)

cu3 —

1 E< &y

When conventional steel bars are provided for flexural reinforcement, the stress-strain laws defined in

MC2010 or Eurocode 2 are adopted. In Figure 8 are presented the stress-strain relationship for steel

in tension and compression. When analyzing a cross-section, it is possible to consider one of two

models: (i) an elastic-perfectly plastic model; and (ii) an elastic branch followed by a hardening branch.

The elastic-perfectly plastic model is presented in Eq. (2.11). When using this model, it is considered

that reinforcing steel has an unlimited deformation capacity. The model with the hardening branch is

presented in Eq. (2.12) and in this case is considered that steel fails when ultimate design strain,

ul

0

fsyd /E;

&, » Is reached. The modulus of the hardening branch, E , is determined according to Eq. (2.13).

A - ldealized diagram

A B - Design diagram

=
e
—_
_——
—

k:(fst/fsyk)

&

ud &

ukg

Figure 8 — Stress-strain diagrams for reinforcing steel in compression and tension [30].
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2.3.3 FRC in tension

Eq. (2.11)

Eq. (2.12)

Eq. (2.13)

Contrarily to PC where the tensile strength is usually disregarded in the design process of structural

elements, FRC can exhibit a significant post-cracking tensile capacity. In the pre-peak stage it is

possible to assume that FRC and PC have similar response, and the existing stress-strain relationship

used for PC is also applicable to FRC until this stage [30], see Figure 9:

o=F¢ 3 . 0<£<09-f,/E,
o=f,|1-0.1- 0'15_:10 —¢ ; 09-f,/E.<¢ s(gp :0.15%0)
0.15x107-0.9- f, /E,
Eq. (2.14)
A
o
fo b
0.91,

&

0-3 fot 5p=0.15%0

C

Figure 9 — Tensile stress-strain relationship for plain concrete and FRC up to material tensile

strength.

14
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As the formation of cracks in concrete is a discrete phenomenon, a stress-crack opening relationship
is the most suitable formulation to describe FRC post-cracking behavior, mainly in FRC of tensile-
softening nature, which is the most current in structural applications. In MC2010 different approaches
are used to characterize the post-cracking tensile behavior of FRC, depending on the type of limit state

verification.

For the ULS analysis two models can be used: the (i) rigid-plastic model; and the (ii) linear model.
Both models are schematically presented in Figure 10, where: w, is the ultimate crack opening
corresponding to the ULS criterion; f., is the ultimate residual tensile strength; and f_ is the
serviceability residual tensile strength. For FRC with a softening post-cracking behavior (solid lines in
Figure 10) the value f., is lower than f_, while for a hardening post-cracking response (dashed

lines in Figure 10) the value fg, is higher than f_.

Ftu

- A -
oA — softening o — softening

— — hardening — — hardening
h h
fo bk —— — — — — — — 5 fe,

stts
thu

S
frtu

0 w R o W W

u u

(a) (b)
Figure 10 — Stress-crack opening constitutive laws for ULS analysis: a) rigid-plastic model; b) linear
model [30].

For the rigid-plastic model, the ultimate residual tensile strength is determined from [30]:

f, _ e Eq. (2.15)

For the linear model, the serviceability and ultimate residual tensile strength are obtained from [30]:

frs =0.45- fyy Eq. (2.16)

W
f. =f. - 4 (f.,.-05-f,+02-f,)>0 Eq. (2.17
Ftu Fts CMOD3(= 25mm) ( Fts R3 Rl) q ( )

15
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In appendix B are presented the derivation of Eq. (2.15), Eq. (2.16) and Eq. (2.17) for the rigid-plastic

and linear models.

For the rigid-plastic model the value of the ultimate crack opening is equal to

w, = CMOD, =2.5mm , while for the linear model it depends on the ductility required, namely [30]:

W, =min(2.5mm;l -&q,) Eq. (2.18)
where, &, is the ultimate tensile strain of FRC; and | is the structural characteristic length.

According to the MC2010, the ultimate tensile strain, &, , depends on the strain distribution along
the cross-section. For a constant tensile strain (section under pure normal tensile force), ¢, =1%.
For variable strain distribution in the cross-section (section under pure bending or combined axial-

bending load), &g, =2%[30].

In structural elements with steel bars reinforcement, the structural characteristic length is determined

from [30]:

l, =min(y,s,,) Eq. (2.19)

where, Y is the distance between the neutral axis position (whose depth from the top surface is
represented by X ) and the tensile side of the cross-section (see Figure 11); and s, is the mean crack
spacing. In the calculation of the neutral axis position, X, a loading situation corresponding to the
cracking serviceability criteria is assumed, generally the quasi-permanent load combination; and the
tensile contribution of FRC can be disregarded [30]. An example of stress-strain distribution in a cross-
section for the calculation of the neutral axis is presented in Figure 11. For sections without traditional

reinforcements, the value of the structural characteristic length, | __, is considered equal to the cross-

cs !

section height, h [30]. When necessary, the creep effect of concrete in compression can be

considered following the methodology presented in Figure 7 and Eq. (2.10).

16
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Figure 11 — Example of determination of neutral axis position, X, and Y for the evaluation of 1 .

For conventionally reinforced cross-sections, the mean crack spacing, s... , can be estimated from the

rm’

bond transfer length, | The determination of mean crack spacing and bond transfer length are

s,max *

presented in section 2.5.

When analyzing a FRC member with conventional steel reinforcement, the cross-section must be
divided due to the different structural characteristic lengths of each zone (the effective tensile zone
and the remaining area of the cross-section), which requires different post-cracking constitutive laws
for each zone (due to different ultimate crack opening, w,, which has a direct influence on the

structural characteristic length, 1).

As an example, in Figure 12 is presented the analysis of a U-shape cross-section of a FRC footbridge,
being formed with two longitudinal hybrid reinforced beams (conventional steel bars plus fiber
reinforcement) connected with a deck of a thin FRC layer. In Figure 12a) is illustrated the division of
the cross-section based on the structural characteristic length of each part, where three | are

D
’ICS’

considered, one for the FRC deck and two for the hybrid reinforced beams, 15" and 13%. The
two | values adopted for the hybrid reinforced beams aims to better simulate the different cracking
process formed in these beams due to the presence of the conventional reinforcement in the bottom

part of the beam (of a depth defined by h_ ), and the exclusive use of FRC in the zone out of the

c,ef

area under the influence of this reinforcement. In Figure 12b is schematically presented the crack

pattern of the different components of the footbridge.
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Figure 12 — Example of the analysis of a footbridge cross-section. a) Structural characteristic length;
b) Crack pattern of the different components of the footbridge.

Although the stress-crack opening relationship is the most suitable model to describe the FRC post-
cracking tensile response [38], the stress-strain diagram is the most used in engineering practice.
Consequently, to transform the stress-crack opening relationship in a stress-strain diagram, the
MC2010 [30] proposes to convert the concept of crack opening, w, in tensile strain, &, by using the

structural length parameter:

= Eq. (2.20)

w
cs
In Figure 13a is presented the complete stress-strain diagram for a strain softening FRC, assuming
that f., < f, and the FRC’s post-cracking linear model (Figure 10b). However, for the usual cases
where &, s >> &, and for manual calculation of the cross-section flexural capacity, the pre-cracking
contribution of FRC can be disregarded and the simplified stress-strain diagram presented in Figure
13b can be adopted without a significant loss of precision. During the analysis of a cross-section, if
£ > &, a stress cut-off is assumed. The complete tensile stress-strain diagram presented in Figure

13a is mathematical described by Eq. (2.21), while in Eq. (2.22) is presented the simplified model.

ct

o=E ¢ ;OSgSO'géf

C

c=09-f,+ % .(S_O.Q'f%j ;m<gﬁgp
g, -0 % : E, Eq. (2.21)

f —f
_ Ftu Fts .
O'—thS+{— -(8—8p) ,8p<8S8ULS

Syis — &)

c=0 € > EuLs

18



Advanced tools for design and analysis of fiber reinforced concrete structures
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(a) (b)
Figure 13 - Stress-strain relationship of a strain softening FRC, for ULS analysis: (a) complete
diagram; (b) simplified diagram.

For the verification of the serviceability limit states (SLS), one of the three stress-strain models

presented in MC2010 (Figure 14) is applicable. The residual tensile strength f_, and f_, are

Ftu

determined from Eq. (2.16) and Eq. (2.17), respectively.
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Figure 14 — Stress-strain relationship for SLS analysis: (a) Case I; (b) Case Il; (c) Case IlI [30].

The constitutive models presented in Figure 14 have common defining points, namely points A, B, D
and £. Points Aand B correspond to the stress and strain values defined for un-macro-cracked plain
concrete (Figure 9). Point D and £ correspond, respectively, to the serviceability and ultimate

deformation criteria of the material, which are determined by [30]:
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_ CMO[y
Egs = l..
WU
us = /CS

where CMOD, =0.5mm and | is determined as previously described. The corresponding stress

Eq. (2.23)

of points Dand £, f..and f_,, are determined according to Eq. (2.16) and Eq. (2.17), respectively.

Ftu *

The first model, Case | (Figure 14a), is applicable for softening materials with ., < f_ . The stress

of point Qs equal to Oq =0.2- f_, and its corresponding strain is determined from the following

ct’

equation [30]:

£ = G +(gp—0'8'f°tj Eq. (2.24)

where G, represents the fracture energy of a plain concrete of the same strength class of the FRC,

which can be estimated from the following expression [30]:

G, = 7315000 - [%m} Eq. (2.25)

where f_ is the mean compressive strength of concrete, in MPa, that can be determined from the

following expression [30]:

f_=f,+8MPa Eq. (2.26)

Point C coordinates are determined from the intersection of lines BQ and DE , which represents
the intersection of the concrete matrix post-cracking strength with the post-cracking residual strength

of FRC. Due to the dependence of &, on the values of f, and I, the application of Eq. (2.24) can

cs !
result a value of strain lower than that for the tensile strength, Eo <&p which has no physical
meaning. In this situation, the concrete matrix post-cracking contribution is discarded, and it is

assumed that &o =&p =0.15%o, as presented in Figure 15.
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Figure 15 — SLS stress-strain case | model for situation where concrete matrix post-cracking
contribution is disregarded.

Additionally, the present formulation can also result in a situation where the intersection of both lines

yields &, < &, (see Figure 16). In this circumstance, point C'is disregarded, and point Dis connected

to point B.
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Figure 16 — Example of SLS stress-strain Case | model where point C is disregarded.

Cases Il and IIl are applicable for materials exhibiting a stable crack propagation up to &g ¢, with

frs > T, . Case Il is applicable when:

Op —0p 9870 fre —0.9-fy < fe—09-fy
Ess —€a - Ep — & £q5—0.9-f, /E, - £, —0.9- 1, /E,

Eq. (2.27)

otherwise Case Ill is adopted. The equation Eq. (2.27) compares the slope of lines AD and AB. If

the slope of line AD s lower than the slope of line AB , Case Il is applied, otherwise Case Il should
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be chosen. Case Ill has an additional point, A’ which stress value is o, =0.9-f., and

Fts

corresponding strain is &, =0.9- f. /E, .

In the safety assessment of a member at SLS, the principal tensile strain cannot exceed & ¢, where

a stress cut-off is admitted.

Similarly to the consideration adopted for the ULS stress-strain diagram, in the common situation
where gy >> &y for manual calculation of the cross-section flexural capacity, the pre-cracking

contribution of FRC can be disregarded without a significant loss of precision.

Likewise to concrete in compression, for ULS and SLS analysis of a structure are used design values

of the material tensile strength parameters, X, by adopting a partial safety factor ., namely:

X, = X%F Eq. (2.28)

For converting the characteristic values of the tensile strength parameters, X, , in design values, X, ,

partial safety factor, y, equalto 1.0 and 1.5 are adopted for SLS and ULS, respectively.

Regarding the suitability of the MC2010 constitutive model to describe the tensile response of FRC, in
[39], [40] was verified a satisfactory agreement between the measured experimental response and
the numerical response obtained from a plain-section analysis of the cross-section and from numerical
simulations of four-point bending tests of steel fiber reinforced concrete beams without conventional
reinforcement. A has been found out However, recently carried out research pointed that the MC2010
model results in the overestimation of the residual tensile strength of steel fiber reinforced concrete

when compared to experimental data obtained from uniaxial tensile tests [41].

2.4 FRC design particularities

For certain FRC applications, namely for thin walled members and for casting operations that resort
to vibration, the fiber dispersion can be strongly influenced during casting procedure [39], [42]-[47].
In MC2010 these situations can be considered in the design process, by applying the orientation
factor, K . The orientation factor influence is considered by modifying the serviceability and ultimate

residual tensile strength of FRC, namely:

thsd f f

thsd,mod = K ; Ftud ,mod = Fud K Eq (229)
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In general, it is assumed an isotropic fiber distribution in the element and the orientation factor takes
the value K =1.0. For situations where the fiber distribution has been experimentally proven to have
a favorable effect on the element performance, the orientation factor assumes a value lower than 1.0,
while for unfavorable effect it assumes a value higher than 1.0 [30]. A scientific approach for the
determination of the orientation factor, and its influence on the behavior of FRC elements is proposed
in [42], [48], [49]. In chapter 5 is explored a model to consider the fibers orientation profile and fiber

segregation in the analysis of FRC structural members.

The fiber dispersion on FRC elements promotes the occurrence of stress redistribution, which is quite
favorable effect in statically indeterminate structures in terms of ultimate load carrying capacity and
deformation performance. During the material characterization of FRC in 3PNBBT, a small volume of
the material is involved in the crack propagation process at failure, leading to relatively high scatter
for the ij values. For structural applications where the volume of the material involved in the crack
propagation process increases and the degree of support redundancy allows a significant stress
redistribution, an increase of the ultimate load capacity of the structure, P, is obtained. In MC2010

this effect is given by the coefficient K, , namely [30]:

Peo = Ky - P(frq) Eq. (2.30)

where P(de) is the ultimate load that is computed considering the design strength of FRC,

considering the FRC residual tensile strength derived from standard material characterization tests.

The determination of the coefficient K, can be experimentally derived and, among other methods,

by performing a statistical analysis on the variation of the ultimate load capacity, P._.. , of a structure

max !

considering a standard deviation of the mechanical constitutive law of the FRC, namely [30]:

P f
Ky = —2Xk . _Fum <1 4 Eq. (2.31)
I:)max,m thuk
where P and P, . are, respectively, the characteristic and mean value of the maximum load;
feum and fo, are, respectively, the mean and characteristic value of the ultimate residual tensile

strength of FRC.

Due to the increased post-cracking tensile strength, FRC’s are capable of replacing conventional rebars

for flexural reinforcement. However, an assessment of the ductility capacity of the structural element
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should be performed. According to MC2010, if the conventional flexural reinforcement area is higher
than the minimum required area for the member, A, ., which is determined by Eq. (2.32), it is

possible to consider the ductility requirement satisfied.

';ctm b, -d Eq. (2.32)

yk

&I,min = 026 :

If the element reinforcement area is lower than A, ., MC2010 specifies the need to verify if the
ultimate displacement, &, , of the structural element is higher than 20 times the displacement at
maximum service load, J . Alternatively, if the displacement corresponding to the maximum load,

O ea » 1S higher to 5 times the displacement at maximum service load o , the ductility requirement

peak ’
of the member is satisfied. The ultimate displacement is related with the maximum allowable
deformation of the structure or structural element. These ductility requirement conditions are
presented in Eq. (2.33) and Eq. (2.34), respectively, and the variables are illustrated in Figure 17 [30].
For the estimation of the FRC's elements deformation, MC2010 suggests the execution of linear elastic
analysis of the structure, assuming uncracked concrete and initial elastic Young’'s modulus of
concrete. The ultimate load P, should always be higher than load at crack initiation, P, , and higher
than the maximum service load P . In the case of beam or column types of elements, subjected to

a tensile-only strain distribution in the cross-section, MC2010 denotes the need to prescribe an FRC

with tensile-hardening behavior, in order to avoid a fragile collapse of structures.

0, 2206 Eq. (2.33)
O ek =9 Og. Eq. (2.34)
Load Np
Plﬂle'_ —I_ A ~—
/ |
pill b £
u / |
|
Psvsi- Crack : |
P, formation | |
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| | "
IésLS |épeak éul
Displacement 0

Figure 17 — Typical load-displacement curve of a FRC structural element (extracted from [30, Figs.
7.7-1].
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2.5 ULS and SLS analysis of FRC structural members

2.5.1 Members in bending

The improvement provided by the use of FRC in the flexural capacity of structural elements is granted
by the post-cracking residual tensile strength contribution of the FRC in the tensile region. In order to
assess the flexural response of a FRC member (beams, slabs or columns) it is necessary to define the
constitutive models of the involving materials, namely the stress-strain models presented in section
2.3. To express the stress-strain law for FRC in tension it is necessary to previously determine the

structural characteristic length, 1, of the cross-section and the ultimate crack width of the FRC, w;, .

In Figure 18 is presented the stress-strain distribution that can be used to determine the flexural
capacity at ULS of a generic rectangular cross-section, considering the bilinear compressive stress-
strain law for concrete in compression and the linear model for post-cracking response of tensile-
softening FRC. Considering the existence of conventional steel reinforcements, the tension zone of the
section is divided in two. The reinforced zone is limited by the extreme fiber in tension and the height

of the effective tension zone, h, ., while the unreinforced zone is limited by h_ . and the neutral axis

c,ef
position. In order to establish the tensile stress-strain relationship of FRC in the section, is necessary
to determine the corresponding structural characteristic length of each zone. The procedure to
determine the structural characteristic length for the reinforced zone, 17, , is presented in section 2.3,
namely Eq. (2.19). The structural characteristic length of the unreinforced zone, 1, is equal to the

element height, h, minus the height of the effective tension zone of the section, h

o » NAMEy:

1! =h—h Eq. (2.35)

c,ef

Since the structural characteristic length of both zones are different, it is possible that the ultimate
crack width, w,, for each tensile zone present distinct values. Since the ultimate tensile strain for ULS

verification, &, 5, and the design value of the ultimate residual tensile strength, f are dependent

Ftud ?

of w,, the post-cracking tensile stress-strain model is different for both tensile zone of the cross-

section, as it is illustrated in Figure 18.
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Figure 18 - Stress-strain distribution for assessing flexural response of a rectangular cross-section
with longitudinal steel reinforcement and FRC tension zone divided in two parts.

On the other hand, if the longitudinal steel bars are discarded, a unique model would be used to

describe the FRC post-cracking tensile stress-strain relationship, as is illustrated in Figure 19.
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Figure 19 - Stress-strain distribution for assessing flexural response of a rectangular cross-section
without longitudinal steel reinforcement.

A similar approach is used when analyzing the flexural response of a FRC cross-section for
serviceability safety verifications. In this case, the tensile stress-strain model would be one of the three

models presented in Figure 14.
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After the definition of the constitutive models of the FRC and steel rebars, and assuming the
appropriate stress-strain distribution in the cross-section, the flexural response of the structural
member can be determined by considering the force and moment equilibrium in the cross-section.
The resisting moment-curvature relationship of the section can be obtained by adopting an iterative
approach. In each iteration, a strain increment is applied to the upper or lower fiber of section, and
resorting to the resolution of the equilibrium system of equations, it is possible to determine the
position of the neutral axis, and, therefore, the moment and curvature corresponding to the strain
profile for the adopted strain increment. Performing this approach up to a certain strain limit in the

selected control fiber of the section it is obtained the corresponding moment-curvature diagram.

For ULS analysis of slabs without conventional reinforcements and predominantly submitted to the
action of bending moments, MC2010 allows the use of a simplified stress-strain distribution in the
slab’s cross-section (Figure 20) to evaluate the resisting moment of the slab cross-section. The FRC
stress-strain distribution is based on the rigid-plastic model (Figure 10a). When performing a linear-
elastic analysis of the structure, the safety verification can be easily performed by comparing the

maximum principal moment with the resisting bending moment, m, , determined from [30]:

thud 'tz

Mg :T[kN.m/m] Eq. (2.36)

where t is the thickness of the slab and f, is determined according to Eq. (2.15) and Eq. (2.28).

k

T <

Ftud

b=1.0m
! ! Strain Stress/Forces

Figure 20 - Simplified stress-strain distribution in the cross-section for slab design [30].

2.5.2 Members in shear

Fiber reinforcement enhances the shear capacity of concrete, and allows a partial or total replacement

of steel stirrups in structural elements [18], [50]-[54]. According to MC2010, the design value of the
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shear resistance of an FRC structural element with longitudinal steel rebars and without shear

reinforcement, Vy, -, can be evaluated by employing the expression [30]:

1/3
Veg r = w-k-(loo-psl-(ln.s-ﬂj-fck] +0.15-0,, |-b,-d Eq.(2.37)

c ctk

where y_=1.5 is the partial safety factor for concrete without fibers; k =1+4/200/d <20 isa
factor that takes into account the size effect; d is the effective depth of the cross section [mm];
Py =A,/(b,-d) is the longitudinal reinforcement ratio; A, is the cross-sectional area of the

longitudinal reinforcement [mm?]; f is the characteristic value of the ultimate residual tensile

Ftuk
strength of the FRC that is computed from Eq. (2.17) considering the characteristic values of the
residual flexural strength of FRC and w, =1.5mm [MPa]; f_, is the characteristic tensile strength
for the concrete without fibers [MPa]; f, is the characteristic compressive strength [MPa];
o, =Ngg /A <0.2-f, is the average axial stress acting in the cross-section [MPa] (considered

positive in compression); and b, is the smallest width of the tensile zone of the cross-section [mm].

The previous equation is based on the one proposed by Eurocode 2 [37] for shear contribution of plain
concrete members without transverse reinforcements, by adding the contribution of FRC residual
flexural strength. The effect of the dispersed fibers to shear resistance provided by the increased post-
cracking toughness and crack-opening restriction is empirically considered by multiplying the
longitudinal reinforcement ratio by the factor (1+7.5 f., / f. ) . Therefore, the contribution of fiber
reinforcement is regarded as an extra flexural reinforcement, whose favorable mechanism for the

shear capacity derives from the dowel effect.

It should be noticed that in Eurocode 2 is considered an upper limit of to the value of the longitudinal
reinforcement ratio p, <0.02 to be used in the calculation of the shear resistance of plain concrete
members. Although this condition is not established in MC2010 for FRC members, a similar limit

should be applied in Eq. (2.37) [55].

According to fib Bulletin 57 [56], the applicability of Eq. (2.37) is limited to elements where shear
diagonal failure is expected and arch action is insignificant, namely for elements with ratio a/d > 2.5 ,

being a the shear span.
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The shear resistance, Vg, -, is assumed to be not smaller than the minimum value, Vg, ¢ i

obtained from:

VRd,F,min :(Vmin +O'15'O-cp>'bw -d Eq. (2.38)
Vmin =0035k% ’ fck% EC] (239)

In MC2010, for structural members with transverse reinforcements is considered the following

relation:

\/ :VRd,F +VRd,s =< Eq. (2.40)

Rd,max

where, Vg, , is the shear resistance provided by the web reinforcement and V is the maximum

d, max
shear capacity without concrete crushing. According to MC2010, V,, , is determined according to the
model proposed for RC elements, where is only possible to consider the added contribution of Vias
and Vg, ¢ for the level of approximation IIl (based on the simplified modified compression field theory)
and 1V, and the same principle must be applicable to FRC. However, the use of the same model to
determine V, , for FRC and RC cross-sections is dubious, due to the expected difference in the
rotation of the critical diagonal crack between RC and FRC elements. Due to this, the added

contribution of Vg, ; and Vi, . is not recommended when adopting this shear model to determine

the shear resistance of a FRC structural element.

Although Eq. (2.37) generally returns reasonably good estimates when compared with available
experimental data, its empirical based formulation, when compared to the physical approach to
describe shear of reinforced plain concrete members, can be seen as a drawback [55]. Therefore, the

combination of both models, as considered, can be questionable.

A more recent model describing fiber reinforcement contribution to shear resistance based on the
Variable Engadgement Model (VEM) [57] and on the Simplified Modified Compression Field Theory
(SMCFT) [58] is also presented in MC2010. Based on this model, the design value of shear resistance

of FRC members with longitudinal and transverse reinforcements is equal to:

Ve =Vig e +Vaas <Va Eq. (2.41)

d,max

The FRC shear resistance, Veg g o 1S the result of the added shear resistance of the concrete matrix,

Vg ¢ » @nd fiber reinforcements bridging the shear cracks, Vg, ¢, and is determined from [30]:
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1
Vear =Veae +Vaa s = _'(VRd,c F Vi, 1 ) z-b, Eq. (2.42)

=

where, z is the internal lever arm, that can be estimated as z =0.9-d [mm] [30].
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Figure 21 - Contribution of concrete matrix and fiber reinforcements for FRC shear resistance
(extracted from [55]).

_ Contribution of matrix

—

The concrete matrix shear strength is provided by the aggregate interlock, which is dependent on the

concrete compressive strength, size of aggregate particles and on the shear crack width, namely [30]:
VRd,c = kv \/ fck Eq (243)

where K, is the parameter that determines the contribution of the aggregate interlock mechanism for
the shear strength of the cross section (Eq. (2.44)). The parameter k| is function of the parameter

that considers the aggregate size influence (Eq. (2.45)), Kk, , and of the longitudinal strain at the mid

dg !
depth of the effective shear area, &, . Although in MC2010 is not specified a limit for the value of
{ fy . a limiting value of /f, <8MPa should be implemented in Eq. (2.43), similarly to the

expression used to determine the concrete matrix contribution for plain concrete.

0.4 1300
: for <0.08-,/f, /f
1+1500-¢, 1000+ 7-k,, Pu V fae/ T
= >0.0 Eq. (2.44)

! 0.4
S S for >0.08-[f /f
1+1500-¢, P o/ T
>0.75 for f, <70MPa

32
kg =116+d, "o Eq. (2.45)
2.0 for f, >70MPaand for ligthweight concrete

In Eq. (2.44), the term p,, represents the transverse reinforcement ratio of the cross-section, that is

given by [30]:
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Pu = # Eq. (2.46)

b, s, Sina
where, A, is the shear reinforcement area [mm?]; s, is the longitudinal spacing between shear
reinforcement bars [mm]; and « is the inclination of the transverse reinforcements with the element

longitudinal axis.
In Eq. (2.45) the term dg is the maximum aggregate dimension in the concrete matrix [mm].

In Figure 22 is illustrated the simple truss model of a beam subjected to bending, shear and axial load
that, by conducting a plane section analysis ignoring the tension stiffening effect, allows the
determination of the “representative” longitudinal strain, &, , at the mid-depth of the effective shear
area, which is required in the analysis of shear reinforced members [30], [59]. Considering the

equilibrium of forces and A =0,itis possible to obtain the tension chord force, as [59]:

M V 1 Ae
= :—Ed+LdCOt9+N -t — Eq. (2.47
Ma Ve } (2 Zj . (2.47)

where:

Mg, and V, assume positive values and N, value is positive for tension and negative for

compression;

- Ae is the eccentricity of the beam axis with respect to its mid-depth of the shear height.
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Cross-section ‘ d | Strain

Figure 22 — Equilibrium at cross-section and corresponding strain profile [59].

Assuming the simplification that the strain in the compressive chord is equal to zero, the strain, ¢, ,
at mid-depth of the effective shear depth is defined as half the tension chord strain, &, namely [30],

[59]:
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Eq. (2.48)
g —0<— -(ME"+\%cot0+NEd-(%i§Dgo.003
YA YA

In order to avoid an iterative process to calculate &,, the second term of Eq. (2.47) can be

approximated by V¢, /2cot 8 =V, [59].

g, =0< L -MEd+VEd+NEd-(Ei§] <0.003 Eq. (2.49)
2-E.-A z 2 1

MC2010 presents the following conditions for application of Eq. (2.49):
- A, comprises the main longitudinal reinforcement in the tensile chord, while any other

distributed longitudinal reinforcement must be disregarded;

- If longitudinal reinforcement bars do not respect the required development length, Ip,

(§6.1.8.6 MC2010) from the section under consideration, the value of A, must be reduced

proportionally to the lack of development length;
- The strain g, must not exceed 3.0%o ;
- Ifthe strain &, is negative (compression), it must be taken as zero;

- When analyzing sections within a distance z/2 of a significant rebar curtailment (see Figure

23), the calculated value of &, must be multiplied by 1.5;

- If the axial tension is large enough to crack the flexural compression face of the section, the

value of &, must be multiplied by 2.0.
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Figure 23 - Example of &, adjustment due to proximity of rebar curtailment.

For a prestressed FRC member (Ap >0), the longitudinal strain &, , can be obtained from [30]:

Z —¢
(M o (455
£,=0< . <0.003 Eq. (2.50)
ZS
2.{Z.ES.AS+ZP.Ep.Apj

with z_ and z, represent the internal lever arm of the passive and prestress reinforcements,
respectively, e, is the prestress eccentricity and z is considered as the effective shear depth, that
can be taken as [30]:

2 2
_zS-A|+Zp-Ap

7=
z,-Aj+Z,-A

Eq. (2.51)

According to MC2010, the value of @ can be freely chose in the interval of 6 . <@ <45°, while the

value of @, is related with the longitudinal strain level in the mid-depth of the cross-section, &,

which can be obtained from [30]:

Opn = (29" +7000- £, ) Eq. (2.52)
The shear strength provided by the fiber reinforcements bridging the shear diagonal cracks is obtained
from [30]:

Vot = Kgg - Tre (W, )-cotd Eq. (2.53)
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where, k., is a fiber dispersion reduction factor [55], assuming the value of k,, =0.8 [30]; f;, (wu)
is the characteristic value of the post-cracking tensile capacity of FRC, evaluated at the ultimate crack
width, w,, that can be determined from direct tensile tests. As the execution of direct tensile tests is
quite cumbersome, alternatively, f,, (Wu) can be estimated according to Eq. (2.54), considering

w=w, [60]:

f. (w)=k min(0.4f, +12(f, —f,)&w), f, ) Eq. (2.54)

E(w) = a-w-0.25 Eq. (2.55)

Eq. (2.54) is based on the work of [61] that derived the o —¢& relationship of FRC from inverse
analysis using the results of prism bending tests. The factor k; considers the fiber alignment due to
casting bias and wall influences that occur in the prism bending test. In Table 2 is presented the value
of k; considering the different prism bending test standards. The value of factor « also depends on

the prism bending test configuration and is presented in Table 2.

Table 2 - Value of k; and o depending on prism bending test standard [60].

Prism bending test normative kG (04
ASTM 1609 [62] 0.70 1/3
EN 14651 [34] 0.60 5/12
RILEM TC 162-TDF [35] 0.60 5/12
UNI 11039 [63] 0.60 43/84

For design situations, where it may only be prescribed the toughness and strength class of the FRC,
it is possible to estimate the characteristic values of the residual flexural strength f.,, and f,, ,
based on the work of Moraes Neto, et al. [64], [65], that derived relationships between the
reinforcement index (IR =V, -1, /df ) and the post peak residual flexural strength of hooked end steel

fiber reinforced concrete based on inverse analysis of the results of 3PNBBT, namely:

0.8
|
oy =7.5-£vf '—fj Eq. (2.56)
df
| 0.75
~68|V .-
feu =68 (Vf dfj Eq. (2.57)
| 0.7
fog = 6.0-(vf d—fj Eq. (2.58)
f
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| 0.65
fou = 5.5-(vf d—fJ Eq. (2.59)
f

Alternatively, in the work developed by Moussa [66] it was also derived a relationship (Eq. (2.61))
between the residual flexural strength and the reinforcement index, IR, and the concrete average

tensile strength, f based on the analysis of 89 samples of hooked end steel fiber reinforced

ctm ?

concrete notched beams submitted to 3-point bending tests according to EN 14651 [34].

Kio fom - (1IR)™
foy = = (IR) Eq. (2.60)
Ve
Additionally, it was also derived a relationship between the residual flexural strength f,, , 1=2,3,4
and fg,, namely:
kl Ri Kopi =
foo=——(fe) " 1=234 Eq. (2.61)
Ve

In Eq. (2.60) and Eq. (2.61) . is the partial safety factor, that assumes the value of y. =1.5 for
design situations; Kk, o, and klei,(i =1, 2,3,4) are obtained from Eq. (2.62) to Eq. (2.69),
considering the intervals of the FRC mean compressive strength, f_, . The use of Eq. (2.61), and
Eq. (2.62) to Eq. (2.69) is restricted for f_, <70MPa, as the formulation tends to overestimate the
residual flexural strength of SFRC for f, >70MPa (few data existed in this interval when deriving

the expressions).

3.2 , f., <25MPa

Kipg=11.1x10°-f *-0.1-f +5 ,25MPa< f, <65MPa Eq. (2.62)
3.2 , f,, >65MPa
0.5 , f., <25MPa

Ky =18x107°- f, +0.32 , 25MPa < f_ <65MPa Eq. (2.63)
0.85 , f,, >65MPa
0.9 , f., <25MPa

Kipp =1-3.8x107*- f ?+3.2x107-f +0.35 , 25MPa< f, <65MPa Eq. (2.64)
0.8 , f., >65MPa
1.1 , ., <25MPa

Ky, =43x107*- f 2—2.8x107%- f +1.6 , 25MPa < f_ <65MPa Eq. (2.65)
1.1 , ., >65MPa
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0.88 , f.,, <25MPa

K gy =4-8x107"-f ?+6.05x107-f, —0.14 , 25MPa< f  <65MPa
0.4 , f., >65MPa
1.12 , f,, <25MPa

K,z =48x107*- f 2 —6.78x107- f +2.31 , 25MPa < f_ <65MPa
1.3 , T, >65MPa
0.8 , f,, <25MPa

K pe =4-1.06x107-f ?+8.4x107-f -0.66 ,25MPa< f  <65MPa
0.3 , f,, >65MPa
1.12 , f, <25MPa

Kype =111x10° - £, ?~9.26x107 - f, +2.75

1.38

, 25MPa < f_ <65MPa

, f_>65MPa

Eq. (2.66)

Eq. (2.67)

Eq. (2.68)

Eq. (2.69)

Considering the value of f,, and f, defined by the toughness, it is possible to estimate f,, and

fra following the one of the two approaches defined in Figure 24. For the approach using the

expressions derived by Moussa [66] it is also necessary to consider the mean compressive and tensile

strength of concrete.

iEstimate mean IR

| [Eq.(2.56) (RVRIE

Moraes Neto, et Eal.

Toughness
class: fpy and

JR3k

EDetermJ'ne k; gy and kj p;

;EEsti.matefR_a;( and fre EEsti.matc S

TRk

£q. (2.57)

i £q. (2:59)

........................................................

Moussa

Eq. (2.62/2.63)

e (254

e iy
P eq. (2.68/2.69)

Figure 24 — Approach to estimate f,,

Trak
k1 R2 Eq. (2.61)
k_",Rj T TR
Flpe | Ea.(261) i Tran
o > g
k3R i
and

Trfw)

fra based on the toughness class of the FRC.

According to MC2010, the ultimate crack width orthogonal to the critical diagonal crack (CDC), w,,

is determined according to Eq. (2.70). In Figure 25 is presented the definition of w; .

w, =(0.2+1000-&,) > 0.125 mm

Eq. (2.70)
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2/2

CDC
Flexural
/ reinforcement
- o —

Figure 25 — Ultimate crack width orthogonal to the CDC.

The shear reinforcement resistance, V

ras » 1S determined according to the following expression [30]:

VRd,s:%'z' f e -(cOtO+cotar)-sina Eqg. (2.71)

w

where, A,, is the shear reinforcement area [mm?]; and fywd is design value of the yield strength of

the shear reinforcement.

The design shear resistance cannot exceed the crushing capacity of concrete in the web, determined
as [30]:

K -h-b _Z.cot6’+cota

V
Rd,max c 7/0 W 1+C0t2 9

Eq. (2.72)
where, k. is a strength reduction factor, defined by k. =k_ -7, ; K, is a factor that takes into account
the strain in the web of the structural element, and is determined according to the level of
approximation defined in MC2010 (level of approximation | : k, =0.55; level of approximation Il and
Il Eq. (2.73)); 7. is a factor to consider the effect of more brittle failure for high strength concrete
compositions, and is determined from Eq. (2.75); and @ is the inclination of the principal compressive

stress in the web, relative to the longitudinal axis of the member.

K= L <065 Eq. (2.73)
1.2+455-¢
& =&, + (&, +0.002)-cot? 0 Eq. (2.74)
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30 .
M :(f—d() <1.0 (fyinMPa) Eq. (2.75)
The shear model that combines VEM and SMCFT prediction capacity was assessed in [55] and [56]
by comparison with experimental results of steel fiber reinforced concrete beams failing in shear, and
was observed good agreement between the model and the experimental results. In chapter4 is
presented a comparison of the results of the shear resistance prediction models, whose formulation

was applied to a database of shear tests of FRC beams.

The exclusive use of fibers for shear reinforcement, i.e. members without shear or longitudinal
reinforcements, is limited to tensile-hardening FRC’s. In this situation, the principal tensile stress, o, ,

in the member must accomplish the following condition [30]:

o, < —Fuk Eq. (2.76)

where, f., is the characteristic ultimate residual tensile strength of FRC computed according to

Eq. (2.17) considering w, =1.5mm.

Additionally, for FRC slabs without conventional reinforcements or prestressing, it can be considered
that shear failure is not dominant as flexural failure, unless significant concentrated loads are applied

near supports [30].

Due to the crack-opening resistance provided by FRC, the minimum shear reinforcement for beams
can be disregarded if an appropriate value of ultimate residual tensile strength of FRC is guaranteed

in order to assure sufficient ductility. According to MC2010, this condition if verified if:
fru = 0.08-/ f Eq. (2.77)

where, f, is the characteristic value of the residual tensile strength of FRC determined according

to Eq. (2.17), considering w, =1.5mm.

When Eq. (2.77) is not fulfilled, a minimum reinforcement area, A, . must be adopted. According

to MC2010, the value of A,, ... for beams is determined from Eq. (2.78).

,min

ASw,min :008\/ fck bwsv.vfﬂ Eq. (2.78)

yk
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2.5.3 Punching

The punching shear analysis of FRC slabs can be conducted according to the Critical Shear Crack
Theory (CSCT) [67]. The CSCT is based on the assumption that shear strength in members without
shear reinforcement is governed by the tensile stresses and aggregate interlocking that develop along
the critical shear crack [67]. With the formation of the critical shear crack (Figure 26a), the associated
failure mode is characterized by the rotation of the slab ((//) and spalling of concrete cover of the

flexural reinforcement (Figure 26b).

For plain concrete, with the increase of slab’s rotation, the favorable effects of aggregate interlock and
tensile strength of concrete decrease [67]. Due to the enhanced post-cracking behavior and crack-
opening restriction provided by fiber reinforcements, the punching shear resistance of FRC's slabs
can be significantly improved.

__ critieal shear crack
i (" developing through the strut

\_theoretical position of i
strut carrying shear

(a) (b)
Figure 26 — Punching of slab. a) Development of critical shear crack; b) Slab’s rotation and concrete
cover spalling (extracted from [67]).

The FRC can be considered as a composite material, whose behavior after cracking depends on the
matrix strength, P, ., and fiber post-cracking strength, By, ; . According to MC2010, the punching
shear resistance of a FRC slab, P,, can be taken as:

Prg = Pra e+ Pras Eqg. (2.79)

Pear = Prac t Fra t Eqg. (2.80)

where P, . is the design punching shear resistance ensured by transverse reinforcement.
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The punching shear resistance provided by the fiber reinforcements is a consequence of the improved
post-cracking strength of FRC, which is dependent on the crack width opening of the critical shear

crack. The crack width can be estimated by the following relationship (Figure 27b,c) [67]:

W=k & Eq. (2.81)

where  is the slab rotation, & is the distance from the soffit of the slab and x is a coefficient
relating total rotation and critical crack width opening, which for design purposes can take the value
of Kk =0.5. In this manner, the tensile stress of the fibers can be related with the slab’s rotation and
position of the fibers, o (z//, 5). By integration of this law to the failure surface, the punching shear-
carrying capacity of the fiber reinforcements is [67]:

Pt = | 0 (w,€)dA, Eq. (2.82)

P

where A is the horizontally projected area of the failure surface (Figure 27d).

The punching shear strength of the FRC slab can be determined by the intersection of the load-rotation
relationship of the slab with the similar relation of the added contribution of the matrix and fiber shear

resistance (Figure 27¢) [67].
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Figure 27 — Punching of FRC slabs: (a) behavior of FRC after cracking; (b) critical shear crack in
slabs; (c) assumed distribution of crack widths along the failure surface; (d) profile of fibers’ stress
along the failure surface; and (e) matrix (concrete) and fiber contributions for the punching shear
strength (adapted from [67]).

A simplified method has been implemented in MC2010, also based in the CSCT theory, which consists
on the consideration of an average value of the fiber's stress. The full integral is converted to a
multiplication of the average fiber's stress with the projected area of the failure surface, namely:

Pra.r = Iaﬁ (w.&)-dA = A, oy (v,h,) Eq. (2.83)

A

where h, is the control distance from the soffit of the slab at which the average stress is considered.
According to [67], the value of h, =d/3 leads to results in agreement with experimental evidence.

According to Eqg. (2.81), the estimated crack width opening takes the value:

d y-d
w =05y -—=— Eq. (2.84
f V3% q. (2.84)
For design purposes, in MC2010 is presented a simplified methodology to compute the punching

shear contribution provided by the fiber reinforcement, Pra that overcomes the need to determine
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the slab’s rotation . The formulation is based in Eq. (2.83) and Eq. (2.84). The projected area of

the failure surface is taken as:

A =b,-d Eq. (2.85)

where, by is the punching shear resistance control perimeter; d, is the shear resisting effective depth,
considered as the mean value of longitudinal reinforcement depth applied in the x and y directions of

the slab.

Additionally, it is considered that the average tensile stress of fibers o, is equal to:

o, [wu =%) = fry (W, =1.5mm) Eq. (2.86)

The design value of the punching shear contribution provided by the fiber reinforcement proposed by

MC2010 results in:

Pag _Tew g, Eq. (2.87)

F
where, y. =1.5 is the partial safety factor for FRC for ULS analysis; f.,, is the characteristic value
of the ultimate residual tensile strength of the FRC that is computed from Eq. (2.17) considering the

characteristic value of the residual flexural strength parameters of FRC, in MPa; and w, =1.5mm;

The FRC punching resistance contribution should be added to the matrix shear strength, V, . and

conventional transverse reinforcement contribution.

According to MC2010, the concrete matrix punching shear strength is determined as follows:

Jf
Veao =K, - —-b, -d, Eq. (2.88)
Ve
where, kw is a factor accounting for opening and roughness of cracks, and is dependent on the slab’s
rotation (Eq. (2.89)).

1

k, = Eq. (2.89
v T15+09-k, p-d, %259
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In Eq. (2.89) the variable kdg represents an aggregate’s size effect coefficient that influences the
aggregate interlocking in the critical shear crack, and is determined according to Eq. (2.90), where
dg is the maximum aggregate dimension in the concrete matrix [mm]. For high strength and

lightweight concrete, due to possibility of aggregate breaking, this variable assumes the value of

d, =0 [30].

ky =1.0 ifd, <16mm

g
W=—2 075 ifd, >16mm - (250
16+d,

For the determination of the slab rotation, w, MC2010 presents four levels of approximation. The
lower levels of approximation imply lower computational costs, but leads to more conservative results.

By adopting higher levels of approximation, the calculation effort and precision increase.

In level of approximation I, the rotation of the slabs is determined from [30]:

r f
=15.-s. % Fq. (2.91
v i E a. (2.91)

where I, represents the position where the radial bending moment is zero with respect to the support
axis. For regular flat slabs where the ratio between the spans in both slab’s direction (LX/Ly) is
between 0.5 and 2.0, the value of r, can be approximated to the maximum value of r, =0.22-L,

orr,, =022-L,.

For the level of approximation Il the rotation of slab is estimated from the following expression [30]:
15
r. m
v :1.5-—S-£-(—Ed] Eq. (2.92)

where m, is the average acting bending moment per unit length for the calculation of the flexural
reinforcement in the support strip; mg, is the design average flexural strength per unit length in the

support strip. The width of the mentioned support strip, b, is equal to:

b, =15-/r, -, <L Eq. (2.93)

where L ;. is the minimum span for xand y directions of the slab.

n
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MC2010 also presents several methods for estimating the acting bending moment m_, in the support
strip, depending on the shear force and eccentricity of shear forces with respect to the centroid of the

basic control perimeter, e,;. The determination of e is illustrated in Figure 28.

Resultant of shear forces (I'z) (Resultzmt of shear forces (I'z)
Vee Centroid of Centroid of basic
v t supported area "u.vt he L~ control perimeter
- M.] Y

M L e %=

Figure 28 — Determination of eccentricity of the resultant of shear forces e; (extracted from [30]).

The level lll of approximation is based on a more detailed analysis of the structure. If a linear elastic
analysis is performed, considering an uncracked constitutive model for concrete, to determine the

value of r, and m,, the coefficient 1.5 in Eq. (2.92) can be replaced by 1.2.

The level IV of approximation resorts to the performance of nonlinear numerical simulations,
considering the phenomenon of cracking, tension-stiffening, yielding of reinforcements and other

nonlinear effects that can be considered relevant to determine the rotation of slabs.

The design punching shear resistance provided by transverse reinforcement is calculated as:
I:>Rd,s = Z A\sw : ke "O s Eq. (294)

where, A, is the sum of the cross-section area of all shear reinforcement that intersect the potential
failure surface within the zone bounded by 0.35-d, and d, from the edge of the supported area
(Figure 29); o, is the stress that is activated in the shear reinforcement, determined by Eq. (2.95) ;

and k, is the coefficient of eccentricity that is determined from Eq. (2.96).

d,
Figure 29 — Shear reinforcement activated at failure (extracted from [30]).

o _EV -[1+ ffbd ;_]g » Eq. (2.95)

6 ywd w
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- g
1+%

In Eq. (2.95) the variable ¢, represents the diameter of the punching shear reinforcement and f,,

Eq. (2.96)

represents the bond strength of the steel reinforcement to concrete.

2

In Eq. (2.96) e, = /e, te is the norm of the eccentricity of resultant of shear forces (Figure

X u,y

28), and b, is the diameter of the circle with equal area as the region inside the basic control

perimeter.

In order to prevent crushing of concrete struts in the supported zone, the design punching shear

resistance determined according to Eq. (2.79) is limited to a maximum value, Py, .., namely [30]:
Jf Jf

PRd,max :ksys'ky/'—Ck'bo'dv S—Ck'bo'd\, Eq. (2.97)
Ve Ve

where kSys is a coefficient that considers the performance of punching shear reinforcing systems to
control cracking and to suitably confine compression struts at the soffit of the slab. The standard value

for K, is 2.0. However, if enhanced detailing rules are adopted, the value of kg can be increased.

When transverse reinforcement is needed to guarantee sufficient punching resistance, a minimum
amount of fibers is required to ensure sufficient deformation capacity at failure. According to MC2010

is possible to assume this condition if:

Pras T Prat 20.5- P Eq. (2.98)

where P, is the acting punching shear force.

2.5.4 Stress limitation

Under service loads conditions the stress on FRC and steel reinforcements shall be limited in order to

reduce the probability of concrete cracking and avoid excessive member deformation.

According to MC2010, for members of FRC with tension-hardening behavior, the tensile stress at the

SLS must be limited to:

o> <0.6- f Eq. (2.99)

Ftsk
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where O_tSLS,char

is the principal tensile stress in the member determined for the characteristic load
combination, and f_, is the characteristic value of the serviceability residual tensile strength, given

in Eq. (2.16).

For FRC members having a tensile-softening behavior after cracking, the tensile stress limitation of

Eqg. (2.99) is not necessary [30].

Similarly to reinforced plain concrete elements, MC2010 provides conditions regarding compressive

stress limitation of concrete and tensile stress of flexural reinforcements.

The compressive stress limitation of concrete is divided in two clauses. For the characteristic

combination of actions, the following condition applies [30]:

c

oSS (1) < 0.6- £, (t) Eq. (2.100)

For the quasi-permanent combination of actions, the following condition applies [30]:

O.CSLs,qperm (t) <04-f, (t) Eq. (2.101)

If Eq. (2.100) is verified, it indicates that longitudinal cracking of the member is unlikely to occur. In
other hand, if Eq. (2.101) is accomplished it represents that creep linearity is ensured, and nonlinear

creep deformation is avoided.

In order to prevent inelastic deformations of the steel longitudinal reinforcements, MC2010 introduces

a steel stress limitation:

O_SSLS,char <08-f, (t) Eqg. (2.102)

SLs.char s the steel stress determined for the characteristic load combination of actions.

where, o
However, if the stress is due to imposed deformations, is acceptable that the steel stress can reach

1.0- f,,.

When more than 50% of the stresses arise from quasi-permanent actions, the concrete creep effects
on the member should be considered when evaluating the steel stress. The methodology considered
in section 2.3.1 can be adopted for considering concrete creep effects when performing plain-section

analysis of a cross-section.
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The stresses in FRC members can be determined by evaluating the acting moments and forces by
performing a linear elastic analysis of the structure and conducting a plain-section analysis,
considering the stress-strain relationships presented in section 2.3. Alternatively, more advanced
analysis procedures can be conducted regarding the nonlinear behavior of the involving materials,

e.g., finite element models.

2.5.5 Crack control

The limit state of cracking for any concrete member should be verified to assure that the requirements
concerning functionality, durability and appearance are met. The MC2010 adopts a cracking
serviceability criterion in the form of limiting a calculated crack width, w,, to a nominal limiting value,

WIim :

W, <W,, Eq. (2.103)

The variable w; represents the design value of crack width at the concrete member surface and is
determined for the appropriate combination of actions. The nominal limit value of crack width at the
concrete surface, w,,, must be chosen according to the design situation, or is a project stipulated

value.

The method proposed in MC2010 for the calculation of the design crack width of a concrete member
is based on the basic case of a prismatic reinforced concrete member subjected to axial tension. As
illustrated in Figure 30, when a RC member is subjected to a steadily increasing elongation it develops
an approximately regular crack pattern. In Figure 30 it is also represented the relationship between

the load and mean strain of the member, where it is possible to detect the following stages:

1. Uncracked stage;

2. Crack formation stage;
3. Stabilized crack stage;
4

Reinforcement steel yielding.
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- Uncracked stage Ac
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Figure 30 — Load-strain relationship for a centrically loaded tensile reinforced concrete member [68].

In stage 1 (uncracked stage) concrete has not been cracked yet, and the stiffness of the member is

at the maximum level. At this stage, the axial load applied to the member can be determined from:

N'=¢-E -A-(1+a.-py) Eq. (2.104)

where ¢ = E_/E? is the modular ratioand p, = A, /A is the ratio of longitudinal reinforcement,
being E; the effective modulus of concrete taking into consideration creep effects,

E:=E./(l+¢@.) , where ¢, is the concrete creep coefficient.

The stage 2 corresponds to the formation of the cracks, which occurs when the tensile strength of
concrete is reached, o, = f . When the first crack takes place the axial tensile load in the member

is equal to:

NZ=f, -A L+ py) Eqg. (2.105)

As illustrated in Figure 31, when cracking occurs the stress in concrete decreases almost to zero at
crack location (depending on the fracture energy and crack width of the material, but to simplify it can
be considered a null value), o, =0, and the axial tensile load is carried by the steel. At this stage

the steel stress is [68]:

‘a, Eq. (2.106)
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Figure 31 — Simplified representation of steel, concrete and bond stresses in the disturbed area in
the crack formation stage of a RC member (adapted from [30, Figs. 7.6-3]).

Due to bond strength between steel and concrete, stress is transferred from steel to concrete along
both sides of the crack, corresponding to the discontinuity zone illustrated in Figure 31. In a simplified
assumption, it is considered a constant value for the bond-slip relationship between concrete and steel

(Figure 32). Nevertheless, several authors have proposed different models [69], [70].

To the length needed for concrete to reach again its tensile strength, o, = f.,, due to bond action,

ctm?

IRC
v Us,max *

is called the transmission length or bond transfer length Therefore, new cracks cannot occur

within the distance 17¢  from the existing cracks, as stress on concrete does not reach its tensile

S, max

strength within this transition zone. At a distance 17 from the crack, steel stress at the undisturbed

§,max

zone takes the value of:

og = f. 0 Eq. (2.107)

ctm
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Figure 32 — Load transmission from steel to concrete due to bond (extracted from [68]).

At the end of | the force carried by concrete is equal to:

s,max !

N, =A-f, Eq. (2.108)

This force, N, must be transferred by the steel reinforcement by bond over the length I, . .

Considering that the generated action due to bond capacity is equal to [68]:

Nbond = Toms * IsRnCwax : ZU Eq (2109)

where 7, . is the mean bond strength between steel and concrete (Figure 32) and ZU is the total

perimeter of the reinforcement bars, the theoretical value of the transmission length for reinforced

RC
s,max !

concrete members, |

[68]:

can be determined from equating Eq. (2.108) and Eq. (2.109), namely

N = Nbond At IRC
4"Tbms P

Regarding the load-strain response at the crack formation stage presented in Figure 30, since the
member is under an imposed deformation action, when a crack arises the axial load drops due to the
reduction of stiffness of the member. The axial tensile load return to increase with the deformation in
the member, but it cannot exceed the value of N2 because the concrete tensile strength is reached
again outside the discontinuity zone, and a new crack is formed [68]. This behavior, illustrated in
Figure 30 by the saw-tooth line, is simplified in MC2010 by assuming a constant load-strain

relationship in the crack formation stage.

The stabilized crack stage starts when the entire RC member is constituted by discontinuity zones,

and no more cracks can be formed due to impossibility of concrete stress attains again its tensile
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strength in between the already formed cracks. In this stage the distance between cracks varies

between I .. and 2-1 having a mean value s, =1.5-1 . [68].

s,max ’ S, max

The stabilized crack stage is characterized by the widening of existing cracks. Due to the deterioration
of bond, the contribution of concrete between cracks (tension-stiffening effect) decreases with the
applied deformation up to the attainment of the yield of the steel reinforcement, after which the
tension-stiffening effect is null. To model this effect in a simply approach, the load-strain response is
assumed parallel to the line of the unembedded steel response (dashed line in Figure 30), where the

difference between the two lines represents the tension-stiffening effect, &, .
According to MC2010, the tension-stiffening effect takes the value of:

£, = ﬁl';“ Eq. (2.111)

S

where [ is a coefficient to assess the mean steel strain over | and depends on the type of

s,max !

loading.

Considering the analogous situation for a FRC member with longitudinal reinforcement, subjected to
axial tension, the main differences rely on the fibers capacity to transfer tensile stresses between the
faces of the cracks they are bridging. At stage 2, when cracking is processing, this stress transfer

capacity of the fibers is considered o, = f thereby the steel stress at crack location is reduced

Ftsm ?
when compared to the analogous RC member, namely:

o =M-(1+%-ps.) Eq. (2.112)

sr p

where, f is the mean value of the serviceability residual tensile strength of FRC, and can be

Ftsm

determined according to:

Fisk Fq. (2.113)

where f_ is determined according to Eq. (2.16).

Due to the reduced steel stress, the force transmitted from steel to concrete due to bond (analogous

to Eq. (2.108)) is also reduced due to the effect of the post-cracking residual strength of FRC, by:
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Noora = A ( fom = Friem) Eq. (2.114)

and, therefore, the transmission length for a FRC member, |:§gx, takes the value of:

f,. —f 1)

FRC

|FRe = —om _Fem 75 Eq. (2.115)
4. Thms P

FRC Crack Discontinuity area

Steel
stress

FRC stress

Bond
stress

|FRC |FRC Foms
Lsmax _y Tsmax

Figure 33 — Simplified representation of steel, concrete and bond stresses in the disturbed area in
the crack formation stage of a FRC member.

The expressions to calculate the introduction length of a RC and FRC member, Eq. (2.110) and
Eq. (2.115), respectively, do not fully describe the expressions presented in MC2010, which considers

the concrete cover influence in the length of | namely:

s,max ’
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’ Tbm ps,ef
1 (fm—f
Is,max — k‘C+—-( ctm Ftsm) . ¢s (FRC) Eq. (2117)

4 Tbms ,0 s,ef

where K is an empirical value to take the influence of the concrete cover, and as a simplification can
be assumed equal to kK =1.0; c is the concrete cover; @, corresponds to flexural reinforcement bar
diameter; 7, is the mean bond strength between steel and concrete; and p, . is the effective
reinforcement ratio. MC2010 indicates that the validity of previous expressions is limited for member
with cover thickness lesser than 75mm. In Eq. (2.116) and Eq. (2.117) is used the definition of
effective reinforcement ratio, p, ¢ , instead of the regular reinforcement ratio, o . In fact, p, . is
used to generalize the presented formulation to the crack analysis for other types of member different
than axially reinforced prisms [71]. Due to this, in the previous expressions presented in this section,
the variable p should be replaced by p, . . According to MC2010, the variable p, can be

determined by the following expression:

A
Poer = E Eq. (2.118)
where A,  is the effective area of concrete in tension and A, is the reinforcement area inside A, . .
The effective area of concrete in tension can be approximated by the methodology presented in [30],

considering the type of structural element in analysis.
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e ef =min(2.5(c+@/2); (tX)/3),

* Acef
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Figure 34 — Determination of effectlve area of concrete in tension, A, ., for: a) beams; b) slabs; c)

walls (extracted from [30]).

As previously presented, in MC2010 is considered a simplified bond-slip relationship. The bond
strength, 7., assumes a constant value that is proportional to the concrete tensile strength and is
also dependent on the cracking stage and type of loading. The expressions to determine 7, are

presented in Table 3.

Table 3 - Values of 7,,.., B and 5, for deformed reinforcing bars (extracted from [30]).

Type of loading  Crack formation stage  Stabilized cracking stage
z-bms _1 35 fctm( ) z-bms _1 8 fctm( )

Long term,. B =0.60 B =0.40
repeated loading
17, =0 17, =1
Short term, Toms = =138- fctm ( )
instantaneous £ =0.60
loading n =0

Due to crack formation, the compatibility of strains of concrete and steel is not maintained. The sum
of strain differences results in the development of relative slip between concrete and steel. The crack
width is the result of the sum of the two slip values at both sides of the crack [72]. The relative slip
between concrete and steel at each side of the crack can be estimated by the difference between the
average strain of concrete and steel over the introduction length, I, . Considering the effect of

concrete shrinkage, the crack width at the steel reinforcement level can be determined from:
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Wy =2- - (Eqn = Een — €5 ) =0 Eq. (2.119)

where, ¢, is the average strain of the steel bars; ¢, is the average strain of concrete; and & is

the concrete shrinkage strain.

According to MC2010, the relative mean strain (&, —&,, — &, ) can be determined by:

sm

om ~ Ees ZGS_E—M+77r &g Eqg. (2.120)

S

Eqm— &
where ¢, is the strain of the concrete due to free shrinkage; o, is the stress in the conventional
steel rebars in a crack; o, is the maximum steel stress in a crack in the crack formation stage; S

is a coefficient to assess the mean steel strain over | is a coefficient for considering the

s,max; 77(

shrinkage contribution in the crack; E, is the modulus of elasticity of steel. The values of £ and 7,

can be obtained in Table 7.6-2 of the MC2010.

Combining Eq. (2.119) and Eq. (2.120), the crack width of a FRC member can be determined from
[30]:

Wy =2l -Ei-(as —-p-o,—1ng-&q-E )20 Eq. (2.121)

where o, can be determined from the Eq. (2.106) and Eq. (2.112), respectively, for RC and FRC

members, and considering the variable p, .

As expressed in Eq. (2.116) and Eq. (2.117), due to post-cracking residual strength of FRC, the
necessary length for concrete reaches the tensile strength is smaller than for a RC member, which
means that crack spacing and crack width of a FRC member is smaller than for RC members. This
fact has already been proved in carried out experimental investigations [20], [73]. It is also possible

to state that the steel stress at crack location, o, is reduced for FRC members (Eq. (2.112)).

As stated in Eq. (2.121) for evaluation of the design value of crack width of a FRC member, it is

necessary to determine the steel stress, o, considering the acting forces and moments

S H
corresponding to the serviceability criteria load combination. The steel rebars stress can be calculated
by conducting a plain-section analysis and considering the appropriate stress-strain relationship for

SLS analysis presented in section 2.3. For longterm evaluation of the member crack width, the
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influence of concrete creep in the increase of the rebars stress should be considered. In section 2.3.1
is presented a methodology to consider creep effect on the concrete compression stress-strain

relationship.

The MC2010 formulation to determine the design value of crack width is only valid for conventionally

reinforced FRC members.

For crack control of members in bending, MC2010 provides a design rule regarding the definition of
a minimum required area of conventional reinforcement to withstand the tensile forces gradient
resulting from concrete tensile stress reduction at cracking initiation, namely:

A o =Ko K (Fon — thsm)-% Eq. (2.122)
where, K. is a coefficient taking into account the stress distribution in the cross-section just before
cracking occurs and the change of the inner lever arm, taking the value k. =1.0 for rectangular cross-
sections; A, is the area of the tensile part of the concrete cross-section, evaluated at the limit of the
elastic stress distribution; o is the maximum tensile stress in the reinforcement in the cracked state,
which can be considered equal to the yielding stress of the steel: and K is a coefficient to take into
account the non-uniform self-equilibrating cracking force, taking the value k =1.0 for webs with
h <300mm or flanges with width lesser than 300mm, and the value k =0.65 for webs with

h <800mm or flanges with width greater than 800mm.

2.6 Concluding remarks

This chapter presents an overview of the design guidelines and recommendations presented in
MC2010 for the design of FRC structures. The main topics focused were related to the classification
of FRC, namely the meaning and determination of the mechanical properties related to the toughness
class, the calculation of the post-cracking residual tensile strength; and the definition of constitutive

relationship of FRC, namely the stress-crack width and stress-strain diagrams.

It is also presented the methodology of MC2010 to account the increase of ultimate load capacity due

to stress redistribution and the ductility requirements for FRC structures.
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The approach proposed in MC2010 to consider the influence of the fiber distribution in the behavior
of the FRC members is also presented. In this scope, and taking into account the absence of a
generalized formulation to determine the fiber orientation factor, this topic is further developed in

chapter 5.

The models proposed by MC2010 to perform the ULS and SLS verifications were thoroughly
described, with special focus to some particular topics for FRC members, namely the determination
of the structural characteristic length of members with and without conventional longitudinal
reinforcements, the background and outline of the available shear models and the description of the
model to determine the FRC crack width and spacing. Additionally, the shear and punching models
presented in MC2010 are complemented with the more advanced models published in academic

works.
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3 SOFTWARE FOR DESIGN OF FIBER REINFORCED CONCRETE ELEMENTS

3.1 Introduction

This chapter is dedicated to present a new software, denominated FRCcalc, that, in the context of
this thesis, was developed for the analysis and design of FRC members based on the
recommendations and design guidelines presented in chapter 2. The software is guided for the
analysis of FRC cross-sections with and without conventional reinforcements, submitted to bending
and shear with or without axial force, in order to assess the ultimate and serviceability limit state safety

verifications of structural members.

A main feature of the software is the possibility to run a comparative analysis between FRC and RC
cross-sections, which was implemented to assess the improvement provided by the addition of fiber
reinforcement to concrete and to assess the potentialities of replacing conventional reinforcement by

fibers.

The software allows to perform the following analysis, for FRC and RC members:

- Ultimate flexural capacity;

- Evaluation of the moment vs. curvature relationship at ULS;

- Ultimate shear capacity;

- Evaluation of design crack width;

- Determination of moment vs. design crack width relationship at SLS;

- Evaluation of stress limitation criteria at SLS.

3.2 Plain section analysis of cross-sections

An essential requirement of an analysis and design software of FRC and RC members is the
development of a versatile calculation module to perform plain-section analysis of cross-sections. In
the present section is presented the methodology adopted in FRCcalc to conduct plain-section

analysis of cross-sections submitted to bending with or without axial force.
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Assuming that the cross-section of a structural element remains plane after bending and shear
deformation can be ignored, the set of equilibrium and compatibility equations of a generic rectangular
cross section, composed of FRC with longitudinal conventional reinforcements, can be obtained in
accordance to Figure 35. Due to the presence of conventional steel reinforcements, the tensile zone
of the cross-section is divided in two parts: one with a height equal to the effective tensile depth, h,_  ;

and, the other, corresponding to the depth y—hcyef. If no conventional tensile reinforcement is

applied, the division of the cross-section is discarded.

m &o tension | compression o
ot S __ — T T
A, &2 Os2 E =
47
<
= E,u > -C‘;-cm
- R,
'qu;[ 77777 %EL» I
Cross section Strain Stress Forces
Figure 35 — Generic rectangular FRC cross-section for determination of moment-curvature
relationship.
Based on Figure 35 the forces and moment equilibrium equations in the cross-section are:
ZF:N F+R,+R,+F =N
Rt h Eqg. (3.1)
> F-d =M M, +My, + My, +M +N -2 =M

The further development of the compatibility and equilibrium equation in the cross-section are

presented in Appendix C.

For FRC cross-sections without conventional steel reinforcements, the tensile zone is not divided and
a unique stress-strain relationship is applied in the plain section analysis. For this situation the value

of h, =0, turning K. =0 and M, =0.

In FRCcalc the resolution of the set of equilibrium equations (presented in Eq. (C.1)) can be used to

determine two sets of solutions:

a) The neutral axis position, X, and bending moment of the cross-section, M ;

b) The neutral axis position, X, and curvature, y .
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In situation a), it is necessary to consider the application of a strain in the cross-section in order to
obtain the resisting bending moment of the cross-section, M, and neutral axis position, X. In
situation b), it is necessary to consider the application of the acting bending moment, M , in order to

obtain the neutral axis position, X, and curvature, ¥ .

The resolution of forces and moment equilibrium equations in a cross-section is obtained by
considering an iterative approach for the determination of the set of variables a) or b) and adopting
the compatibility and constitutive models equations (Eq. (C.2) to Eq. (C.39)). The iterative approach

resorts to Microsoft Office Excel Solver algorithm [74].

3.3 Main user interface window

In Figure 36 is presented the user interface window of the software. In this window, the geometry of
the cross-section and material properties data are inputted, and the user can select the type of ULS

and/or SLS analysis to be conducted.

Geometry and properties of cross-section in analysis
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Figure 36 — User interface window of the software.

The available cross-section geometry to be adopted is limited to rectangular shapes. The cross-section
general data for user to input corresponds to the element width and height, as well as the type of

member: beam, slab or walls (Figure 37a).
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The material properties can be manually defined or can be chosen according to the reference values
of the existing strength classes defined in MC2010 and Eurocode 2, except for the characteristic
residual flexural strength of FRC and the maximum size of the aggregate, whose values must be
manually inputted (Figure 37b). The software also has a built-in function that estimates the value of

fro and fg, based on the work of Moraes Neto et al. [64], [65] or Moussa [66].

Concrete/FRC

Strength dass ’WDL‘
M o= B pwa
[~ fctm= 2.5 [MPa]
 far | wooEes (2]
M e IT [GPal]

FRC Post-cracking strength
~ frik= 2.678 [MPa]

[ frZk= 2.678 [MPa]
lement type [ Beam <] | k=] 29 pea
EMmen pe E3m -

- 2.678
Geometry : froe= el
b= 200 [mm] Estimate fr2k and frak
h= | 500 [rnm] dg= 16 [rmm]

(a)

(b)

Figure 37 — User interface window: a) Cross-section geometry; b) FRC material properties.

The software also allows the definition of two sets of bottom and top conventional reinforcement
positioning (Figure 38) to be considered in the analysis of the FRC and RC cross-sections. The
conventional reinforcement area can be manually inputted or a distribution can be defined according
to the number and diameter of bars or diameter and spacing of bars. The top and bottom bars cover
can be individually defined and the strength class of steel can be chosen according to pre-existing

strength classes.

FRC conventional reinforcements

Mo. of reinf. levels | Bottom+Top j Strength dass | A500 j fayk= | 500  [MPa]
Level 1 (As1) - Tensile reinforcement Level 2 (Az2) - Compressive reinforcement
{* Concentrated (" Distribute ¥ Concentrated (" Distribute
c [mm] MNo. bars Diameter, & As1 [mmz2] c[mm] MNo. bars Diameter, @ As2 [mm2]
ER! 4 | w0 - | 31415 | 25 | + | w0 - ~ | 314.158
| 5o | 2 | = - | e2.319 | 5o | 2 | 2 - ~ | s28.319

Figure 38 — User interface window: Conventional reinforcement data.

In order to determine the FRC tensile stress-strain relationship defined according to MC2010, it is

necessary to specify the essential data to determine the structural characteristic length of the member
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(Figure 39), namely: type of loading, cracking stage, the bending moment corresponding to the
cracking serviceability criteria load combination (generally is assumed the quasi-permanent load
combination). Additionally, is also possible to specify the creep coefficient for concrete in compression
to be adopted in the determination of the structural characteristic length and in the SLS safety
verifications.

Structural characteristic length and crack opening data

Data corresponding to cracking serviceability service state
Type of loading | Long term, repeated loading j LGt | (MPa]
Cracking state | Stabilized cracking stage j Beta= | 0.4
M,SLS, crack= 10 [kM.m] N,5LS, crack= 200 [y
[v Consider creep in lcs and 5LS Creep coeffident | 2.0

Figure 39 — User interface window: Data for calculation of structural characteristic length.

FRCcalc was developed to determine the flexural and shear performance, with or without axial load,
of FRC and RC cross-sections at ULS, and to assist in the assessment of the SLS safety verifications,

namely crack control and stress limitation (Figure 40).

Section analysis
FRC RC Axial load ULS - bending

ULS -Bending [+ [+ NEd= | -100 [k]
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Shrinkage strain (>0) 1.0=-5

Figure 40 — User interface window: Selection of type of analysis to be performed.

The flexural response of the FRC cross-section is evaluated by determining the moment-curvature
relationship and the ultimate design resisting moment at ULS, considering the value of the axial load
acting in the cross-section for the ULS combination, with optional consideration of conventional

longitudinal reinforcement bars.

The shear resistance of the FRC cross-section at ULS can be determined considering the fiber
contribution, the longitudinal rebars contribution and conventional shear reinforcements (Figure 41).
The conventional shear reinforcements are defined by selecting the steel strength class, inclination of
the stirrups, and manually defining the value of the shear reinforcement area per meter or by providing
the number of stirrups legs, diameter and longitudinal spacing of the stirrups. To determine the

longitudinal strain in the mid-depth of effective shear area, &, , the axial and shear forces and bending
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moment acting in the cross-section at ULS load combination must be inputted. In addition, for the
evaluation of the shear resistance of the FRC cross-section is required the input of the concrete
maximum aggregate size and the values of the residual flexural strength f_, and fg,, .

Transverse reinforcements (shear) - FRC
Iv¥ shear reinforcements (stirrups)
Transverse reinforcements (shear) - FRC

Strengthdass| aspp | fyk=| 500 [MPa]

Mo. legs Diameter, @  Spacing [mm] o [
2 | 8 j i | 150 | a0

[T Aswfs | 670.206 [mm2/m]

Figure 41 — User interface window: Selection of shear capacity analysis.

The software allows the determination of the design crack width of FRC and RC cross-sections,
according to MC2010 formulation (presented in section 2.5). In addition, the moment-crack width
response at SLS analysis for cross-sections considering the value of the axial force for the quasi-
permanent load combination is also outputted. In the analysis is possible to consider the concrete
creep effect, by inputting the creep coefficient of concrete, and is also necessary to specify the free

shrinkage strain of the member (Figure 40).

Using FRCcalc is also possible to easily analyze the verification of the serviceability criteria of stress
limitation for FRC and RC cross-sections, presented in section 2.5.4. For conducting this analysis, it
is necessary to input the quasi-permanent and characteristic load combinations results (axial load and

bending moment) - Figure 40.

3.4  Software algorithm/flowcharts

FRCcalc was developed in Visual Basic for Application programming language and can be used in

Microsoft Office Excel.

The main flowchart of FRCcalc is presented in Figure 42.
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Perform cross-section analysis

C End )

Figure 42 — Main flowchart of FRCcalc.

3.4.1 Data input

The idealization of the cross-section geometry is presented in Figure 43. The rectangular section
geometry is defined by its width, b [mm], and its height, h [mm]. It is possible to consider two sets
of bottom and two sets of top conventional steel reinforcements, that are characterized by its area,
A, A, [Imm?], cover, ¢, , /¢ , [mm], diameter, ¢ , /¢ , [mm], and strength class, with i =1

for bottom reinforcement and i =2 for top reinforcements.

The FRC cross-section is divided in two zones, a reinforced zone delimited by the effective tensile zone

height, h, . [mm], and the unreinforced zone.

All the variables that define the geometry of the cross-section must be greater than zero.
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Figure 43 — |dealization of the geometry of the FRC cross-section.

The software adopts the bilinear stress-strain relationship for concrete in compression presented in

Figure 6. The model input variables are:

f, , the characteristic compressive strength of concrete, in MPa. This value must be positive;
- &4, the concrete compressive strain at the limit of elasticity (see Figure 6). This value must
be positive;
- &3, the concrete ultimate compressive strain (see Figure 6). This value must be positive;

- E_, the concrete modulus of elasticity (Young's modulus), in GPa. This value must be positive;

- @, the concrete creep coefficient. This value must assume a positive value. If concrete

creep effect is disregard, it must assume the value zero.

During the calculation procedure, the values of the variables, f,, ¢.; and g, are converted to its

opposite values.

For FRC in tension the stress-strain relationships presented in section 2.3.3 are used. The input

variables to define these models are:

f ., the mean tensile strength of concrete, in MPa. This value must be positive;

ctm?

fru» the characteristic value of the residual flexural strength of FRC corresponding to

CMOD, =0.5mm, in MPa. This value must be positive;

fracs the characteristic value of the residual flexural strength of FRC corresponding to

CMOD, =2.5mm, in MPa. This value must be positive.
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The partial safety factor for concrete and FRC are defined within the calculation routines.

In Appendix A are presented the reference values that characterize the concrete matrix mechanical

properties based on the existing strength classes.

For the reinforcement steel bars is considered the elastic-perfectly plastic model presented in section

2.3.2. The input variable of the model is:

f., , the characteristic yield strength of reinforcing steel bars, in MPa. This value must be

syk !

positive;

For steel rebars is considered that the elastic modulus takes the value of E; = 200GPa . The partial

safety factor for steel reinforcement is defined within the calculation routines.
All the input fields that define the constitutive models of the materials must be greater than zero.
The additional input variables for the calculation of the structural characteristic length are:

Loading type, which can take the following options:

o Short term, instantaneous loading;
o Long term, repeated loading.
- Cracking stage, which can take the following options:
o Crack formation stage;
o Stabilized cracking stage.

- M acting bending moment for the combination of actions corresponding to the

Ed,crack ?

cracking serviceability criteria, in kN.m. This value must be greater than zero;

- Ngq e+ acting axial force for the combination of actions corresponding to the cracking
serviceability criteria, in kN. Compressive forces must be inputted as negative values and

tensile forces must assume positive values.
The additional variable used for the determination of flexural resistance of the cross-section is:

Nggus. axial force for the ULS load combination, in kN. Compressive forces must be

inputted as negative values and tensile forces must assume positive values.
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The additional variables used for the definition of the FRC shear resistance are:

- Maximum size of the aggregates, dg , inmm;

fro o the characteristic value of the residual flexural strength of FRC corresponding to

CMOD, =1.5mm;, in MPa. This value must be positive;

- fgu, the characteristic value of the residual flexural strength of FRC corresponding to

CMOD, =3.5mm, in MPa. This value must be positive;

Ny snear uLs » @Xial force for the ULS load combination for shear resistance assessment, in

kN. Compressive forces must be inputted as negative values and tensile forces must assume

positive values;

Vg snear uis » Shear force for the ULS load combination for shear resistance assessment, in

kN. This value must be positive;

Mgy shearuis » PENing moment for the ULS load combination for shear resistance

assessment, in kN.m. This value must be positive.
The additional input variables for the definition of the shear reinforcement properties are:

., the characteristic yield strength of transverse reinforcement steel bars, in MPa;

ywk !

- K% , the transverse reinforcement area, in mmz/m;
w

- «a, the inclination of the shear reinforcements relative to member axis, in degrees.

For the SLS stress limit verification is necessary to input the following variables:

- Mg g acting bending moment for the characteristic combination of actions, in kN.m. This

value must be greater than zero;

M acting bending moment for the quasi-permanent combination of actions, in kN.m.

Ed,gperm !

This value must be greater than zero.
For the SLS crack control verification is necessary to input the following variables:

Megg aracc» @cting bending moment for the combination of actions corresponding to the

cracking serviceability criteria, in kN.m. This value must be greater than zero;
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N acting axial force for the combination of actions corresponding to the cracking

Ed,crack !

serviceability criteria, in kN. Compressive forces must be inputted as negative values and

tensile forces must assume positive values;
- &, Is the shrinkage strain. The input value must assume a positive value.

In FRCcalc all the data regarding geometry, material and loads are stored in the class cData, that

is called during the calculation routines.

3.4.2 Calculation routine

The core of the software calculation routine resides in the performance of the cross-section analysis.

In Appendix D are presented all algorithms that perform the following calculation subroutines:

- Calculation of the structural characteristic length, 1 ;
- Definition of constitutive models:

o Concrete in compression;

o Steel in compression or tension;

o FRC in tension.
- Calculation neutral axis position and curvature for cross-section under bending;
- Determination of moment vs. curvature relationship;
- Determination of shear resistance:

o FRC shear resistance without longitudinal reinforcement;

o FRC shear resistance with longitudinal reinforcements;

o RC shear resistance without transverse reinforcement;

o Shear resistance contribution of transverse reinforcements;
- Calculation of bond transfer length, Is’max;
- Determination of design crack width;

- Determination of moment vs. crack width relationship;

- Determination of bending moment corresponding to crack initiation;
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- Verification of stress limitation criteria:
o Compressive stress in compression;
o Tensile stress in FRC;

o Tensile stress in steel rebars.

3.4.3 Results Output

The outputs of FRCcalc are presented in the form of a datasheet and graphs, namely:

I” and 1" ;

! Tcs cs !

- Structural characteristic length of the FRC cross-section
- Maximum resisting bending moment of the FRC and RC cross-sections;

- Ultimate shear resistance of the FRC and RC cross-sections;

- Plot of the resisting moment vs. curvature of the FRC and RC cross-sections;

- Design crack width and mean crack spacing of the FRC and RC cross-sections;
- Plot of the moment vs. design crack width of the FRC and RC cross-sections;

- Assessment of stress limitation at SLS for FRC and RC cross-sections.

3.5 Examples

In the present section are presented some examples of the analysis of FRC and RC cross-section using
FRCcalc, which allow to demonstrate the benefits provided using fiber reinforcements in the
performance of concrete structural elements and the possibility of fiber reinforcements to partially

replace the conventional steel bar reinforcements.

Additionally, to appraise FRCcalc accuracy to evaluate the flexural response of FRC and RC cross-
sections, a comparison with the results obtained with DOCROS software [75] is presented.
DOCROS is a software used in the analysis of cross-sections subjected to axial load and increasing
curvature and it was developed by the Structural Composites research group of the Department of
Civil Engineering of University of Minho. In DOCROS a cross-section is discretized in layers, for which
is assigned a specific constitutive law to describe the material behavior of the layer. A detailed

description of DOCROS can be found in [75].
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3.5.1 Example 1 - Beam

The first example corresponds to FRC/RC cross-section of a beam. The main objective of this example
is to demonstrate the increase of structural performance provided by the use of fiber reinforcements
when compared to a RC cross-section. The cross-section has the following properties:

—  Geometry: b=200mm | h=500mm;

— Concrete strength class: C25/30 | toughness class: 2.5¢ | f,, =2.678MPa |
fo, =2.508MPa | f., =2.94IMPa | f., =2950MPa | ¢ =00 |
d, =16mm ;

— Conventional reinforcement for FRC and RC cross-section:
o Tensile steel reinforcement: ASOONR | A, =314.16mm? (4¢410) | ¢, =30mm;

o Compressive steel reinforcement: A500NR | A, =157.08mm?*(2¢10) |

c, =30mm;

o Transverse reinforcement: ASOONR | A, =502.66mm?/m(¢8//200mm) |
a=90°.

— Data for determination of structural characteristic length:
o Type of loading: Long term, repeated loading;
o State of cracking: Stabilized cracking stage;

o Load combination corresponding to  cracking  serviceability  criteria:

Meg erace =40.0KN.m | Ngy e = —50.0kN .

— Axial force at ULS load combination for determination of flexural resistance:

Neg s =—100.0kN /m

ULS load combination for determination of shear resistance: Ngy grear s =—100.0kN |

VEd,Shear,ULS =T75kN | M Ed,Shear,ULS — 12.5kN.m ;

Characteristic combination of actions: My .. =50.0kN.m | Ng, ... =—80.0kN.m;

Quasi-permanent combination of actions: M

N =-50.0kN.m ;

=40.0kN.m |

Ed,gperm

Ed,qgperm
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— Shrinkage strain: &, =1.5x107".

In Figure 44 is presented the moment vs. curvature relationship for the FRC and RC cross-sections
determined by FRCcalc and DOCROS. It is possible to observe that the accuracy of FRCcalc to
describe the flexural response of the cross-sections is similar to DOCROS. For this example, the
effective tensile zone height is mainly limited to h, , =75mm due to the geometry of the cross-
section, with exception of the initial cases where the x <2.3x10°m™ where h_, <75mm. ltis
noted that in analysis performed in DOCROS it is not possible to consider the variation of the effective
tensile zone height due to the changes of the neutral axis position, and a fixed value of h_ . =75mm

was assumed.

100
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o1 . . . —
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Curvature [1/m]

Figure 44 — Bending moment vs. curvature relationship for FRC and RC cross-section of Example
no.1 beam, determined from FRCcalc and DOCROS.

The structural characteristic length of the FRC cross-section presents the following values:

L =78.61mm and I* =425mm.

The maximum resisting bending moment of the FRC cross-section is M55, s = 94.802kN.m and of
the RC cross-section is M ¢, s =82.602kN.m . As can be seen, the post-cracking residual strength
of the FRC provided a flexural capacity improvement of the beam in 14.8% when compared to the RC

cross-section.

The design shear resistance of the FRC and RC cross-sections are, respectively, VRFdRC =232.341kN

and VRF;C =203.243kN , which represents a 14.3% improvement of the shear strength provided by
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the fiber reinforcements. The FRC shear resistance was determined according to the model based on

the VEM/SMCFT theory.

In Figure 45 is presented the relationship between the design crack width and the acting moment in
the cross-section evaluated at SLS conditions. For the load combination corresponding to cracking
serviceability criteria, the design crack width in the FRC and RC cross-section are, respectively,
WR® =0.047mm and w;€ =0.191mm, which represent a decrease of crack opening of 4.06x
provided by the fiber reinforcements. In addition, the mean crack spacing of the FRC and RC beams

are, respectively, s°¢ =78.607mm and s° =144.472mm .
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Figure 45 — Design crack width vs. resisting bending moment at SLS relationships for FRC and RC
cross-section of Example no.1 beam.
Regarding the verification of the stress limitation criteria defined in MC2010, in Table 4 is presented
a summary of the verification check. As can be seen, the use of fiber reinforcements provides a
decrease of the stress in the cross-section when compared to the performance of a RC cross-section,

particularly of the steel bars stress (54.1%).
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Table 4 - Verification of stress limitation criteria for Example no.1 beam.
Concrete compressive stress

Stress Limit Result
Oomma =7.765MPa < 0.6-f, (t=28)=15MPa \Verified
Oore™ =9.218MPa < 0.6-f, (t=28)=15MPa \Verified
Oomd™ =5729MPa < 0.4-f, (t=28)=10MPa Verified
Oome®™=7320MPa < 0.4-f, (t=28)=10MPa Verified

Steel tensile stress
Stress Limit Result
o> —118.304MPa 0.8- f, = 400MPa Verified

s,FRC S

ol —257.600MPa < 08-f, =400MPa  Verified

FRC tensile stress
Stress Limit Result

Not applicable: fg < f, Verified

3.5.2 Example 2 - Slab

The second example corresponds to FRC/RC cross-section of a slab. The purpose of this example is
to demonstrate the possibility of partial replacement of conventional steel reinforcement by the
addition of fibers to concrete. The cross-section has the following properties:

—  Geometry: b=1000mm | h=200mm;

— Concrete strength class: C25/30 | toughness class: 3b | f;, =3.0MPa |
fo =2.552MPa | fo, =2.1MPa | f,,, =2.352MPa | ¢, =0.0 | d, =16mm;

— Conventional reinforcement for FRC cross-section:

o Tensile steel reinforcement: ASOONR | A, =251.327mm?(#8//200mm) |

C, =25mm;
o Compressive steel reinforcement: none;
o Transverse reinforcement: none;
— Conventional reinforcement for RC cross-section:

o Tensile steel reinforcement: ASOONR | A, =392.699mm?(#10//200mm) |

C, =25mm;
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o Compressive steel reinforcement: none;
o Transverse reinforcement: none;
— Data for determination of structural characteristic length:
o Type of loading: Long term, repeated loading;

o State of cracking: Stabilized cracking stage;

o Load combination corresponding to cracking serviceability criteria: Ny .o =O0KkN/m
| Mgy graex =18.0kN.m/m;
— ULS load  combination: N, =0.0kN/m | Vegus =35kKN/m |

Mgg s =10.0kN.m/m;

Characteristic combination of actions: Ngy yor =O0KN/M | Mg 4o =28.0kN.m/m;;

Quasi-permanent combination of actions: N

M =18.0kN.m/m ;

=0kN /m |

Ed,gperm

Ed,qgperm

Shrinkage strain: &, =2.1x107*.

In Figure 46 is presented the moment vs. curvature relationship for a FRC and RC cross-sections
determined by FRCcalc and DOCROS. For this example, the effective tensile zone height varies
between 23.5mm<h_ <62.8mm. Due to the restriction to use a fixed value of effective tensile
zone height in the analysis performed in DOCROS, it was assumed a constant value of
hclef =60mm . Although this limitation, it is also possible to observe that the flexural response of the

cross-section is similar between FRCcalc and DOCROS.
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Figure 46 — Bending moment vs. curvature relationship for FRC and RC cross-section of Example
no.2 slab, determined from FRCcalc and DOCROS.

The structural characteristic length of the FRC cross-section presents the following values:

I =133.544mm and |, =143.917mm.

The maximum resisting bending moment of the FRC cross-section is M55, s =31.337kN.m and of
the RC cross-section is M g5, s = 28.971kN.m . Although the area of tensile reinforcement of the
FRC is about 65% of the RC cross-section, the ultimate flexural capacity of the FRC slab is slightly
higher than the RC counterpart due to the post-cracking tensile strength improvement provided by the

fiber reinforcements.

The design shear resistance of the FRC and RC cross-sections are, respectively, VR';RC =171.375kN
and Vg© =121.541kN , which represents a 41.0% increase of the shear strength of the cross-section
provided by fiber reinforcement. The presented FRC shear resistance was determined according to
the model based on the VEM/SMCFT theory where the tensile strength of the FRC was estimated

according to Figure 24 considering the work of Moraes Neto, et al. [65].

In Figure 47 is presented the relationship between the design crack width and the acting moment in
the cross-section evaluated at SLS conditions. For a load combination corresponding to cracking

serviceability criteria, the FRC cross-section presents a design crack width equal to WdFRC =0.019mm

FRC
m

and a mean crack spacing of s~ =91.271mm, while the RC cross-section presents a design crack
width value of w:®=0.378mm and a mean crack spacing of s\ =322.721mm, which
corresponds to a 20x reduction of the design crack width. For a crack width corresponding to the

minimum and maximum value of crack opening commonly adopted in the SLS verifications, the
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resisting bending moment of the FRC cross-section is considerably higher than the RC cross-section

(2.3x higher for w=0.1mm and 2.4x

for w=0.3mm).
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Figure 47 — Design crack width vs. resisting bending moment at SLS relationship for FRC and RC
cross-section of Example no.2 slab.

Regarding the verification of the stress limitation criteria defined in MC2010, in Table 5 is presented

a summary of the verification check. As can be seen, the use of fiber reinforcements provides a

decrease of the stress in the cross-section when compared to the performance of a RC cross-section,

especially of the steel bars stress, where for the RC cross-section the limitation criteria for the steel

bars tensile stress is not verified.

Table 5 - Verification of stress limitation criteria for Example no.2 slab.

Concrete compressive stress

Stress Limit el

Oore =6.826MPa < 06-f, (t=28)=15MPa  Verified

Oor™ =8.924MPa < 0.6 f, (t=28)=15MPa Verified

ooSdem = 2.700MPa < 0.4-f, (t=28)=10MPa  vVerified

Oorc™™ =5.73TMPa < 0.4-f, (t=28)=10MPa  Verified
Steel tensile stress

Stress Limit Result

oS =145 563MPa < 0.8- f, =400MPa Verified

gifcﬁha’ =439.871MPa - 0.8- f, =400MPa Not verified

FRC tensile stress

Stress Limit Result

Not applicable: f., < f_, Verified

76



Advanced tools for design and analysis of fiber reinforced concrete structures

3.6 Concluding remarks

This chapter was devoted to the presentation of a new software — FRCcalc - developed to perform
analysis of the ULS and SLS safety verifications of FRC members, according to the MC2010 design
guidelines and recommendations presented in chapter 2. The FRCcalc can be used for assessing
the effectiveness of fiber reinforcement by comparing the design outputs at SLS and ULS conditions
of members reinforced with fibers and with traditional reinforcements. The user interface, input

variables, calculation principles and routines were also presented.

The chapter ends by carrying the analysis of two examples of FRC members, which demonstrate the
benefits provided by the use of fiber reinforcements in the performance of concrete structural
members and the possibility of replacing conventional steel reinforcements by fiber reinforcements.
In addition, the accuracy of FRCcalc was also confirmed by comparing the flexural response of FRC

and RC cross-section with another software.

77



Advanced tools for design and analysis of fiber reinforced concrete structures

4 APPRAISAL OF MC2010 SHEAR RESISTANCE PREDICTION MODELS

In the present chapter both shear models available in MC2010 and presented in section 2.5.2 are
appraised by comparing the prediction of the shear resistance delivered by the models with an
extended version of a database of results of experimental tests of FRC elements, DBs[76]. The

complete database is presented in Appendix E.

4.1 FRC beams shear tests database

The DBs comprises the results of 113 samples of steel fiber reinforced concrete (SFRC) elements
submitted to three-point shear tests, collected from the following sources [16], [18], [61], [77]-[90].
The beams cross-section of the database includes rectangular shape (99) and T-shape (14). Within
the 113 samples, 99 represent SFRC deep beams (d/bW >1.0) and 14 are SFRC shall beams
(d/bW sl.O). The effective shear span ratio, a/d , ranges from 2.0 to 4.0, therefore it is assured

that the applied load is not directly conducted to the closest support of the beams.

All specimens comprise the use of longitudinal reinforcements in the form of passive steel bars. The
passive reinforcement ratio varies between 1.0 to 3.1%. The effective depth of the cross-section, d, is

within the interval 150 to 1440mm. None of the samples adopts conventional shear reinforcements.

The fibers incorporated in FRC specimens are exclusively of the hooked-end type, with a fiber aspect
ratio, 1, /df , varying between 48 to 80. The fiber reinforcement volume ratio ranges from 0.25% to

1.5%.

The concrete maximum aggregate size, dg, varies between 10 and 25mm, while the mean

compressive strength, f__, of the FRC ranges between 19.6 to 64.6MPa.

cm?

The main properties of the experimental data of the DBs are plotted in Figure 48.
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Figure 48 — Main properties of the experimental data of the database: a) Cross-section width and
effective depth; b) Shear span to effective depth ratio; c) Conventional and fiber reinforcement ratio;
d) Mean compressive strength.

Regarding the SFRC residual flexural tensile strength, the average values of f., and fg, are not
reported for 39 samples, while for f., and f, are not provided for 59 samples. In the DBs three
different prism bending test standards were used, namely the EN 14651 [34], RILEM TC 162-TDF[35],
the ASTM C1609 [62] and the UNI 11039 [63].Considering the main differences for the evaluation of
the residual flexural strength using the referenced standards, the EN 14651 and RILEM TC 162-TDF
adopt a 3-point bending test configuration with notched FRC beams, while the ASTM C1609 and
UNI 11039 adopt a 4-point bending test, the former one with un-notched beams, and the later with

notched beams.
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Due to the use of un-notched SFRC samples on the prisms bending tests performed according to the
ASTM C1609, the crack appears at the weakest point between the two loading points, and the
measurement of the crack mouth opening displacement (CMOD) is not possible due to the unknown
location of the crack. Consequently, in order to calculate the residual flexural strength of the SFRC
samples of the database, the CMODs were obtained by correlating the CMOD with the measured mid-
span deflection of the SFRC prisms using the methodology proposed in [91] that considers a rigid
body kinematic mechanism similar to the one adopted in 3-point bending tests of notched beams [92].
Due to this simplification, the residual flexural strength values that were determined according to the

ASTM C1609 can present some additional inaccuracy.

A first analysis of the DBs has consisted in the exclusion of test results where a flexural-shear failure
mechanism could be feasible. For this purpose, the flexural capacity of each SFRC beam was assessed
using the software FRCcalc (chapter 3), that follows the design guidelines of MC2010. For the
samples where the ultimate resisting bending moment was lower than 95% of the acting bending
moment (due to shear capacity registered experimentally), the shear test results were not considered.
After this analysis, a total of 80 SFRC beams were considered for the assessment of the shear
resistance prediction models, within which the complete data of the post-cracking residual flexural
strength ( f,, 1=1,2,3,4) was available for 42 beams, and partial information ( f, i =1,3) was
provided for 59 beams. Since some of the beams in the DBs are casted with the same SFRC mix, the
results of the experimental characterization of the post-cracking residual strength for these beams are
the same. The 59 beams with experimental data of f., and f., were casted from 44 different SFRC
mixes, while the 42 beams with f., and f;, resulted from 35 different SFRC mixes. In Table 6 is
presented the different standards considered in the evaluation of the available residual flexural strength
values, considering the different SFRC mixes present in the DBs.

Table 6 — Prism bending test standards adopted for the evaluation of the residual flexural strength,
fo . considering the different SFRC mixes present in the DBs.

Prism bending standards
EN 14651 RILEM TC 16 ASTM C1609 UNI 11039 Total

fr and fo, 9 9 25 1 44
fy, and f;, 9 0 25 1 35

Number of samples
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4.2 Residual flexural strength prediction model

Due to the significant number of SFRC beams of the DB. were the residual flexural strength is not
reported, the residual flexural strength of these SFRC beams was predicted based on the relationships

derived by Moussa [66], that are presented in Eq. (2.61), and Eq. (2.62) to Eq. (2.69).

In the database analyzed by Moussa [66], was found a very good agreement between the

experimental, f and predicted, f values of the residual flexural strength, as the ratio

Riexp ! Ri,mod !

friexo/ Frimos ranged between 1.02 to 1.09, while the coefficient of variation varied between 17.8%
to 28.9% (Table 7). It is verified that the coefficient of variation has increased with the crack opening
at which the f; is evaluated, which is a consequence of the increase of the dispersion of the results

from fg, to fg,.

Table 7 - Statistical results of the residual flexural strength prediction model [66].
fRi,exp/fRi,mod
Average SD COV (%)

Residual flexural strength

fer 1.02 0.18 17.8
frs 1.08 0.22 20.6
frs 1.09 0.26 23.7
fra 1.05 0.30 28.9

A preliminary assessment was conducted by applying the prediction model for the SFRC mixes used
in the beams of the DBs where the residual flexural strength was experimentally characterized. In
Table 8 is presented the average and coefficient of variation (COV) of the ratio between experimental,

f and estimated values, f of the residual flexural strength, considering the prism bending

Ri,exp ! Ri,est ?

test standard adopted in the evaluation of the experimental values, considering in Eq. (2.61) is
considered that - =1.0. Globally, the prediction model exhibited a good agreement between the
experimental and estimated values of the residual flexural strength. It is possible to verify that when
comparing the estimated and experimental f, values determined from the test configuration that
adopts notched beams (EN 14651/RILEM TC 162-TDF/UNI 11039), the model exhibits an higher

dispersion and average values of the ratio fRi,exp/f than the observed in [66]. For the samples

Ri,est

tested according to the ASTM C1609, the model presents in average a slight underestimation of the

SFRC residual flexural strength, which can be related with lower values of f due to cracking on

Ri,exp
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the weakest section between the loading points of the un-notched beams, and to the simplification

adopted in the adopted correlation between the mid-span deflection and CMOD.

Table 8 - Statistical analysis of the ratio between the experimental and estimated values of the
residual flexural strength, f,.

fRi ,exp/ fRi ,est

Residual flexural L
fal o EVHSSVRENTOIEE 1
Average  COV (%) Average COV (%) Average COV (%)
frs 1.06 26.9 1.23 24.4 0.92 19.4
fro 1.14 28.9 1.49 21.0 0.99 20.2
fra 1.14 31.9 1.35 27.6 0.99 27.8
fra 1.09 37.9 1.49 28.3 0.93 30.4

For the prediction of the missing values of the residual flexural strength of the SFRC beams of the DBs
was considered in Eq. (2.60) and Eq. (2.61) a partial safety factor - =1.0. In addition, to determine
the value of f, = with Eq. (2.60), the mean tensile strength of the SFRC was determined from the

expression provided in MC2010, namely:

0.3-(f, )%  f, <50MPa
ctm _{ ( Ck) K Eq (41)

2.12-In(1+0.1-(f, +8)) , f, >50MPa

In order to use Eq. (4.1) the characteristic value of the SFRC compressive strength was determined

from the mean compressive strength by the following relationship:

f, = f,, —8MPa Eq. (4.2)

The complete set of values of the residual flexural strength of the SFRC beams of the DBs after
implementation of the prediction model is presented in Figure 49. The interval data ranges between

foy =[1.5—-8.5]MPa, f,, =[1.8-8.9]MPa, f,, =[1.5-8.9]MPaand f,, =[1.1-7.9] MPa.
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Figure 49 - Residual flexural strength of SFRC beams of the DBs.

4.3 Appraisal of MC2010 shear resistance prediction models

The predictive performance of both shear models presented in section 2.5.2 is appraised by using the

information collected in the DBs. The shear resistance, V,

u,model ’

obtained by the empirical based
model (Eqg. (2.37)), denoted as MC2010_EEN, and by the VEM/SMCFT (Eq. (2.41)), denoted as
MC2010_MCFT is compared with the experimentally obtained shear resistance of each specimen,

vV and the ratio A=V

u,exp ’ u,exp u,model

is appraised, being the predictive performance of the model
considered as better as closer to 1.0 is A . For the determination of the strain at mid-depth of the
effective shear area, &,, the internal forces in the member where determined for a control section at
the distance a/2 from the beam’s support. During the analysis, the partial safety factors adopted in
the theoretical models are set to 1.0, and average values of the FRC material properties are adopted,

to properly compare the experimental and theoretical results.

In Figure 50 is presented the statistical analysis of the relationship, A, between the experimental and
theoretical shear resistance determined from both models, considering the source of the residual
flexural strength values (experimental/estimated). When assessing the influence of the use of
experimental or estimated values of the residual flexural strength of SFRC for the MC2010_EEN and
MC2010_MCEFT, it is possible to denote that the average values of the prediction ratio, 1, is slightly
higher when using estimated values of f;, which is related to the slight underestimation of the
estimated values of f, , as shown in the column “Global” of Table 8. However, the average values of

the prediction ratio, A, for the analyzed scenarios have very small differences, including the
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coefficients of variation. Due to this, it is possible to conclude that the residual flexural strength
prediction model presented in the previous section is suitable to be used in the evaluation of the shear

resistance of SFRC beams, when the values of f;, are absent in the database.

207 Prediction ratio No. 4 oge COV
A Samples g (%)
1.8+
¢ MC2010_EEN
1.6 1.61(1.5 Box) 150(L5 Box) 1.61(1.5 Box) f
[ } l . 59 1202 152
1.4 1.39(1 SD 1.40(1 SD) Hea ey 1.39(1 SD) experimental
< (4 SD) 1.35(1 SD)
MC2010_EEN
1.24| X |r20meAn) X |raamean 1.18(MEAN) X |razoeeay fR- estimated 59 1.230 13.7
I
104 1.02(1 5D) J 1.06(-1 SD) 1.02(1 5D) 1.06(-1 SD) MC20 1 O_M CFT
\ s N fa 42 1.184 141
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i i ' ' MC2010_MCFT
MC2010_EEN - MC2010_EEN - MC2010_MCFT - MC2010_MCFT - —
f. experimental f_ estimated f experimental f, estimated f.. estimated 42 1.224 13.3

Ri

Figure 50 - Statistical analysis of A4 for both MC2010 shear resistance models considering the use
of experimental and estimated values of f;.

In Figure 53 is presented the comparison between the experimental and prediction values of the shear
resistance for each beam of the DBs. The results are divided in two categories considering the source
of the residual flexural strength values considered in the shear resistance model (experimental and
estimated values). As can be seen, the predictive performance of the shear models is very similar and
a satisfactory agreement with the experimental values of the DB;s is attained. Considering the influence
of the source of the residual flexural strength values, it is possible to observe that the use of the f
prediction model appears to be related with a more pronounced underestimation of the shear

resistance (a relatively high percentage of results is in the interval of V. =15V to

u,exp u, model

V, e = 2.0-V, 110 ) Tor the SFRC beams under analysis.

u,exp
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Figure 51 - Comparison of experimental and shear strength determined from both MC2010

prediction models

In Figure 52 is presented the statistical analysis of the ratio, A4, between the experimental and
theoretical shear resistance determined from both models, for all samples analyzed (80 SFRC beams).
In average, both models present a satisfactory approximation to the experimental results (average
value of A equal to 1.26), with acceptable values of dispersion (coefficient of variation lower than

20%). It should be noticed the existence of only one outlier in 80 samples (~1%), which corresponds

to a sample of the MC2010_EEN model.

MC2010_MCFT MC2010_EEN

2.2 -
Prediction
2.0 1 .
-
1.884(1.5 Box) 1.873(L5 Box) ratio A
1.8 1
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2 1.4
259 .
101 X 1.259(MEAN) X 1.258(MEAN) Q]_
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0.794
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1.418
1
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Figure 52 - Statistical analysis of A4 for both MC2010 shear resistance models.

In Figure 53 is presented the comparison of the prediction ratio, A, for each test sample. As can be

clearly seen, the results of both models are very similar, which could indicate that the quality of the
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prediction of the shear strength provided by the MC2010_EEN and MC2010_MCFT is being

influenced by the same set of variables.

2.0 r
: —e— MC2010_MCFT| |
—-— MC2010_EEN

1.5+

1.0

Figure 53 — Comparison of the value of A for each sample determined by the theoretical models.

In Figure 54 is presented the overall analysis of both models, regarding that the prediction values are
safe for A >1 and unsafe for A <1. From these results is possible to verify that the MC2010_MCFT
model presents a slightly higher percentage of safe predictions when compared to the MC2010_EEN
model. When a safety factor equal to y =1.5 is considered in the shear strength prediction
(discontinuous line in Figure 53), both models always return safe prediction of the shear resistance of

the SFRC beams.

-1

<1

100% A

80%

60% A

40%

20%

MC2010_MCFT MC2010_EEN

Figure 54 - Predictive performance of the theoretical models, safe (A4 >1) and unsafe (4 <1).
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In addition, the comparison between the performance of both MC2010 models was assessed
according to an adapted version of the Demerit Points Classification proposed in [93]. This
classification is based on the determination of the cumulative number of penalties for each value of
A . The penalty points scale is defined in Table 9, and the lower the number of penalties is, the safer
is the performance of the model. For this case, both models present a very similar number of total
penalties points, with a slight better performance of the MC2010_MCFT model presenting 62 penalty
points while the MC2010_EEN model has 68 penalty points.

Table 9 - Adapted version of the Demerit Points Classification.

A :Vu,exp u,model Classification Penalty
<0.50 Extremely Dangerous 10
[0.50-0.85] Dangerous 5
[0.85-1.15] Appropriate Safety 0
[1.15-2.00] Conservative 1
>2.00 Extremely Conservative 2

In Figure 55 is presented the relationship between the ratio 4 with some variables of the shear tests
and of the shear models. For clarification, in Figure 55 the ultimate crack width, w,, and the strain
at mid-depth of the effective shear area, &, , are only determined for the MC2010_MCFT model. It is
visible a slight correlation between the increase of the ultimate crack width and strain at mid-depth of
the effective shear area, and the increase of the predictive performance of the MC2010_MCFT model.
This may indicate that the aggregate interlock effect is being estimated too conservatively, since this
favorable shear resisting mechanism is inversely proportional to the crack width at shear failure.
Another possibility is a too conservative estimation of the adopted approach for the contribution of the
fiber reinforcement for the shear capacity in the cases where shear failure occurs at relatively small

crack width.
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Figure 55 - Relationship between A and effective shear span ratio, a/d ; the depth of longitudinal

reinforcement, d ; the mean concrete compressive strength, f_; the mean value of the ultimate

cm?

residual tensile strength, f the ultimate crack width, w,; and the strain at mid-depth of the

Ftum ?

effective shear depth, &, .
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4.4 Concluding remarks

In the present work was assessed the performance of the two shear resistance models available in
MC2010 by comparing its predictive capability in a database that includes the results of 80 samples
of SFRC beams submitted to shear.

Due to the absence of the characterization of the residual flexural strength of the SFRC used in several
tests, a model that estimates these mechanical parameters based on the reinforcement index and

concrete strength class was proposed and coupled with the shear resistance models.

For the assessment of the suitability of the residual flexural strength prediction model, a comparison
of the prediction ratio, A, was performed, which was computed by considering estimated and
experimentally obtained values of the residual flexural strength of the SFRC. The obtained results
demonstrated a very small difference between the average and dispersion of the prediction ratio, A4,
which validates the use of the residual flexural strength prediction model in the assessment of the

shear resistance of FRC elements.

For evaluating the overall performance of the shear models, a statistical analysis of the prediction
ratio, A, was conducted, which revealed that the performance of the MC2010_MCFT and
MC2010_EEN models is very similar. For the majority of the cases, both MC2010 shear models
predict safe values for the shear resistance of the SFRC beams, and when the partial safety factor is
introduced, the models always return safe predictions. An additional comparison of the MC2010 shear
models was done considering the Demerit Points Classification, having both approaches presented

similar performance in this regard (the difference was only 6 penalty points between both models).
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5 ANALYSIS OF FRC MEMBERS CONSIDERING FIBER ORIENTATION, FIBER
SEGREGATION AND FIBER PULLOUT RESISTANCE MODEL

5.1 Introduction

This chapter describes an integrated approach for the prediction of the flexural capacity of FRC
members. This approach considers the orientation and segregation of fibers along the cross-section

of the FRC members and the pullout constitutive law of each fiber bridging the two faces of a crack.

This model is implemented in a software developed for the analysis of the flexural response and

cracking behavior of FRC structural elements.

5.2  New material model for FRC in tension

In order to describe the flexural behavior of FRC, a new model was implemented in DOCROS, an
already existing software for the analysis of cross-sections of R-FRC members failing in bending [94].
The acronym R-FRC means a FRC member that is flexurally reinforced with conventional

reinforcements like bars or meshes.

As previously mentioned, DOCROS is a software used in the analysis of cross-sections, where a
cross-section is discretized in N layers, for which is assigned a specific constitutive law to describe
the material behavior of the layers. In this scope, the fiber orientation profile, fiber segregation and
fiber pullout constitutive law were coupled to form a new material model, named NLMM107, to

simulate the nonlinear material behavior of FRC.

For the pre-cracking tensile behavior of the FRC is considered a linear elastic stress-strain response

up to tensile strength, f_,isreached. In Eq. (5.1) is presented the expression to determine the tensile

ct?

stress at the jth layer that discretizes the cross-section, considering that & is the strain at the level

of the center of gravity of the j™ layer.

o'=E &' ; & <f,/E Eq. (5.1)

C

For the post-cracking tensile response of FRC, the contribution of the fiber pullout resistance, P(W) ,

is added to the post-cracking residual strength of FRC matrix, o, (W) , hamely:
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Pj(wj)
b’ -t!

+o5 (W) Eq. (5.2)

where b? and t! are, respectively, the width and thickness of the generic jth layer that discretizes

the cross-section, and W' is the crack width at the level of the center of gravity of the j™ layer.

The adopted stress-crack width relationship of the concrete matrix is based on the model presented

in [20]. The tensile softening response is defined by the following expression [95]:

ol (W)=c,-0y-e " Eq. (5.3)

where ¢, is a coefficient that accounts for beneficial effect of the fibers on the tensile strength of the
matrix; c, is a coefficient that controls the steepness of the softening branch; and o, for fracture
Mode | is equal to the matrix tensile strength, f_. For fracture Mode I, in [96] is adopted a value of

c, =1.0, while ¢, =15 and c, =30 are proposed in [97] for concrete and mortar, respectively.

To simulate the compressive behavior of the FRC, the NLMM107 model, resorts to the compressive
monotonic stress-strain relationship presented in Figure 56, where f_ is the FRC compressive
strength, &, is the concrete strain at peak compressive stress, and ¢, is the critical strain for FRC

in compression [98], which is already implemented in DOCROS.

o

f

cC

0
€ec Eer &

Figure 56 — Compressive stress vs. strain model adopted in NLMM107 constitutive model.

5.2.1 Fiber orientation profile model

In this section is presented a model capable of predicting the distribution of orientation angles of the
fibers, @, , on a cross-section of a FRC member, based on the definition of an orientation factor, 7.

The orientation factor corresponds to the average length of the projection of all fibers crossing a crack
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plane on its orthogonal direction, divided by the fiber length [42]. The fiber orientation factor can vary
between 0.0 and 1.0, corresponding, respectively, to fibers parallel and orthogonal to the analyzed
cross-section (herein representing the crack plane) [99]. The fiber orientation factor relates the
theoretical number of fibers, N, into the concrete medium with the number of fibers to be

encountered in a cross-section, N, according to the expression [100]:

N, =N, 7= ﬁec AVAN" Eq. (5.4)

f

where A, is the cross-section area of the FRC element, A, is the cross sectional area of a fiber,

and V, s the fiber volume dosage.

The fiber orientation profile model is based on the work of [42], where the distribution of the orientation
of the fibers in a cross-section is arranged in discrete intervals, nA¢, and the number of fibers within

each orientation angle interval, Nf - is determined according to the expression:

N, =C(a) N, Eq. (5.5)

where C((/_),) is the ratio between the number of fibers within each interval range with a mean

C@)

N

orientation angle (;, and the total number of fibers in the cross-section (Figure 57).

/
7 A

0° L0 ¢m @ 90° @

Figure 57 - Fiber orientation profile.

0

According to [42] the parameter C (¢|) can be determined by the expression:
C(p)= () Fee(n) Eq. (5.6)

where f(g;,) is the frequency of fibers within the interval of orientation angles ¢, iAgoi/Z,

A@. =90/nAg, considering a Gaussian law to describe the frequency distribution, and Fg. (77) is
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a coefficient to account to the error resultant of adopting discrete ranges of fiber orientation angles

rather than considering a continuous function, which is determined with Eq. (5.7).

129-0.38-5 :1<0.75
,:RE:{ mon Eq. (5.7)

1.0 ;n>0.75
According to [42], based on the orientation factor, 77 , is possible to determine the average orientation
angle of the fibers in the cross-section, ¢, , and the corresponding standard deviation, G((pm) , using

the following equations:
@, =arccos(r)-180/z  [°] Eq. (5.8)
[

o(p,)=90-7-(1-n) [] Eq. (5.9)

The methodology adopted to determine the fiber orientation factor, 77, is based on the work of
Krenchel [100]. Due to the wall effect on the orientation of the fibers, the cross-section of the FRC
member is divided in three zones with different orientation factors (Figure 58). The fiber orientation
factor of the cross-section is determined by the expression:

n-(b=1;)-(h=1;)+nm-1 [ (b=1 )+ (h=1;) [+ me-12

- Eq. (5.10
n b-h a. (5.10)

where |, is the length of the adopted fiber type, and 7, (z =1,2,3) is the fiber orientation factor for

each zone of the cross-section.
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Figure 58 — Zones of cross-section for the determination of the fiber orientation factor due to wall
effect.
The values of the orientation factor for each zone of the cross-section are based on previous research,

namely:

- Zone 1: corresponds to the zone where the fiber orientation is not influenced by any boundary

condition, and the orientation factor is equal to 7, =0.50 [101], [102];

- Zone 2 : corresponds to the situation where the fiber orientation is affected by one boundary,

leading to a zone of average orientation factor equal to 7, =2/7 [102];

- Zone 3: zone within the influence of two boundaries, with an average orientation factor equal

to 17, = 0.84 [101];

The boundaries correspond to the formwork that usually are adopted in the bottom and lateral surfaces
of the cross-section, and to the top surface (the smoothing process of the concrete element top surface

is considered to have a similar influence on fiber orientation as a mold [101]).

The number of fibers within each orientation angle interval, N - is determined according to the

f

algorithm presented in Table 10.
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Table 10 - Algorithm to determine number of fibers within each orientation angle interval.

ROUTINE TITLE: Calc_Fiber_Orientation_Profile

INPUT:
e Cross-section width, b, and height, h;
e Length (I, ) and diameter (d, ) of fibers;
e Fiber volume dosage, V. ;
e Number of divisions in the fiber orientation domain, nAg.
OUTPUT:
® Number of fibers within each orientation angle interval, N —
i) Determine fiber orientation factor value according to Eq. (5.10);
i) Determine number of fibers in the cross-section, N, , according to Eq. (5.4);
iii) Determine the coefficient Fqc (77) using Eq. (5.7);
iv) Determine the average orientation angle, ¢, , and the corresponding standard deviation,
o (¢, ) using Eq. (5.8) and Eq. (5.9);
v) Divided the fiber orientation domain [0—900] into NA¢g intervals. For each interval

determine:

a. Mean orientation angle of the interval: (;iz(goi +q0i71)/2; » =90/nAg;
i=1..,nAp;

b. Determine the frequency of fibers within the interval,

f (g;,) =F(0.0,,0(0))-F(04.0..0(9)), where F(..) is the cumulative

distribution function of the standard Normal distribution;
c. Determine C(¢,) according to Eq. (5.6);

d. Determine the number of fibers within the orientation angle interval, N

Eq. (5.5).

o using

5.2.2 Fiber segregation model

In order to analyze the fiber segregation phenomena that can occur during FRC casting, a segregation

model is implemented. The model is defined by a segregation factor, £ , varying between -1.0 to

95



Advanced tools for design and analysis of fiber reinforced concrete structures

+1.0. The segregation model assumes a linear variation of the fiber's distribution along the depth of
the cross-section. The cross-section is divided in N layers, and considering the thickness
t!(j=1..,N) and depth of center of gravity of the j™ layer to the top face of the FRC elements

d’(j=1.,N), the number of fibers in each layer is determined by the following expression:
j top dJ bot dJ J ]
NJ=| NP 1= [N Lt =1 N Eq. (5.11)

where h is the cross-section height, N'® and N are, respectively, the number of fibers at top and

bottom faces of the cross-section that are determined according to:
(1-¢) Eq. (5.12)
(1+¢) Eq. (5.13)

where N is the total number of fibers in the cross-section.

The model variables and schematic distribution of the fibers along the depth of the cross-section is

presented in Figure 59.

T ﬁ —

=N

0
F#—{ .
Figure 59 - Fiber segregation model.

For a homogenous distribution of the fibers in the cross-section, the segregation factor assumes a
value of £=0,and N{® = N . If £=1.0 is assumed, N =0, while N** =0 if £=-1.0.
5.2.3  Fiber pullout constitutive model

Based on the execution of pullout tests of fibers from cimentitious matrix, it has been demonstrated

that the pullout response, particularly for the case of steel fibers, is primarily influenced by the type,
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geometry and length of the fibers, and by the mechanical properties of the fiber and of the matrix, as

is summarized in [103].

The considered fiber pullout constitutive model is based on the Unified Variable Engagement Model
(UVEM) proposed by [96], [103], [104]. The UVEM combines Mode | and Mode Il fracture process of
SFRC.

The proposed model adopts the following assumptions [103]:

- ltis admitted that all the fiber slip from the matrix occurs from the shorter embedded length
of the fiber, and the slip between the longer embedded part of the fiber and its surrounding
matrix is negligible. This assumption leads to the slip of the shorter embedded length being

equal to the crack opening displacement of the cimentitious matrix;

- The elastic deformation of the fibers is insignificant in comparison with the slip of the fibers

during pullout;

- In comparison with the pullout of the fibers, the energy expended by bending the fibers is

small and can be disregarded.

The pullout force carried by a steel fiber bridging a crack of a cimentitious matrix is the sum of three
components (Figure 60): i) friction of the embedded straight part of the fibers; ii) mechanical
anchorage provided by end appendages of the fibers; and iii) a mechanical anchorage provided by the
snubbing effect [105], [106]. The snubbing effect is characterized by a scrape and constrain of the
cimentitious matrix against the fibers that occurs during the pullout mechanism of inclined fibers

[107].
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Fiber bridging a crack

Snubbing zones K Hook

Hook Crack Straight portion
Straight portion
Figure 60 — Components of the fiber pullout response.

Similarly to the UVEM model, in the proposed model is adopted an uniform bond strength, 7, , along
the fiber embedded length. With this methodology, the contribution of each component (hooked-end,
straight portion and snubbing zones) is not individually discretized, being rather defined the bond
strength vs. slip relationship of the combined effect of all components contributing to the pullout

resistance of a fiber.

In the present model it is idealized a variable bond strength, as a function of the slip displacement of
the fiber, while in the UVEM it is considered a constant bond strength. In Figure 61 is illustrated the
adopted bond strength vs. slip model (z, , —o'), which is idealized for the pullout response of an
aligned fiber (@ =0°). The bond strength vs. slip model is defined by the following four parameters
(Figure 61 and Eq. (5.14)): the peak bond strength, Thop the slip corresponding to the peak bond
strength, &, ; and the exponents « and £, which define the 7, , —& variation in its pre-peak and

post-peak stage.

Tpo = Eq. (5.14)

98



Advanced tools for design and analysis of fiber reinforced concrete structures

boA A
o
%'O'p ________ | |
| ]
l L]
| I}
: o
: v
I N
: \ Ny
| »
0 >
5p o=W

Figure 61 - Idealized bond stress vs. slip (7, , —&') for the pullout response of an aligned fiber.

In order to consider the snubbing effect in the pullout resistance of the fiber, the expression presented
in [103] is adopted:

7,(8)=1,0(s)+0.25-° Eq. (5.15)
where y is the fiber bending angle, being defined as the angle between the fiber longitudinal axis and

pullout force direction (Figure 62). For Mode | fracture, the crack sliding is null (s =0), and the fiber

bending angle is equal to the fiber orientation angle (¥ = ¢).

\-\ - =
| | o
< - ) W / / //\L /V

Y
A~

Figure 62 — Definition of fiber bending angle, 7 .

In the UVEM model is proposed the minimum crack displacement necessary to a fiber submitted to a
pullout force to be considered engaged. This engagement model is a function of the fiber bending

angle, 7, and the engagement crack opening, W, , is defined by [103]:

d
W, =—f-tan3(L£j Eq. (5.16)
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where for Mode | fracture process y,.,, =7/2, and for Mode Il y,.. =7z [96].

The engagement model defined by Eq. (5.16) was experimentally derived from individual fiber shear
test data, assuming that a fiber is considered engaged at the point where the force is 50% of the peak

pullout force [103].

By adopting this engagement model in the UVEM, at the initial stage of the crack formation and
propagation, the contribution of the most inclined fibers in relation to the load direction is neglected
while the crack opening displacement necessary to engage the most inclined fibers has not yet been
reached. As in the deduction of the engagement model a fiber is engaged if the pullout force is at least
50% of the maximum pullout load, the UVEM is disregarding 50% of the pullout force for the most
inclined fibers up to w, is reached. As is presented in the section 5.2.4 (Figure 68), this assumption
can lead to a significant deviation of the response of a FRC submitted to tension. Due to this, in the
present model, a new approach is assumed that considers a linear variation of the bond stress up to

the w, is reached, as is illustrated in Figure 63 and described in Eq. (5.17) and Eq. (5.18).

ho A
%,O,p ________ !
|
|
fo(wt-——7 |
I
o
Ao !
/ I !
! 1 '
I 1 '
I 1 '
I 1 '
0 3 | >
O=W, S O=W

— Proposed model
-- UVEM engagement model

Figure 63 - Idealized bond stress vs. slip (7, , — ') of the pullout response of an aligned fiber,

considering the engagement length of fibers.

Tb,O(We)'i S<W,
7, = rb‘o’p{g} S<E A 5>w, Eq. (5.17)
p
5
rbo’p.[a_J ;0>0, A O>W,
p
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We
Tb,O,p {5—] W, < 5[)

7,0 (W, )= Eq. (5.18)

-p
We
Tb,O,p (é‘_] We > §p

As illustrated in Figure 64, the pullout force of a fiber with an orientation angle ¢, , pr , corresponding

to a crack opening displacement, W, is equal to:
P, (W)=-7-d; -7,(¢,6 =w)- Ly, (W) Eq. (5.19)

where d, is the diameter of the fibers; 7, is the average fiber bond strength determined according
to Eqg. (5.15), Eq. (5.17) and Eq. (5.18), function of the crack width and orientation angle of the fiber;
L, is the fiber embedment length that is equal to its initial value minus the crack opening
displacement. For the initial value of the fiber embedment length, which corresponds to a crack width
equal to zero (W=0), it is assumed L, o=l /4 for the shortest embedment side, considering that
it has been verified to be the average length of embedment of the fibers according to the work of

[108].

Figure 64 - Pullout force of a fiber with the orientation ¢, .

Due to the increased bond strength, as result of improved mechanical anchorage provided by the
snubbing effect and geometry irregularities (providing mechanical anchorage mechanisms), fibers may
be susceptible to fracture during the pullout process, particularly the case of the most inclined fibers.
In the present model is considered that a fiber fractures if the tensile stress, o , reaches the effective
ultimate tensile strength of the fiber, a_fu. For the effective ultimate tensile strength of the fibers is

proposed the expression considered in the UVEM model, namely [103]:
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— T

On =0y ‘—2'7/ Eg. (5.20)

where o, is the fiber tensile strength.

The failure criterion of the fibers with circular cross-section is verified by the following expression:

— 4'Tb'Lbf,o(W)

020, = Eq. (5.21)
df

Considering that the cross-section of a FRC member is discretized in N layers ( j =1,...,N ), and

that the fiber orientation domain is divided into nA¢ intervals (Figure 65a), at the jth cracked layer

the pullout resistance is equal to:

pi (W):fpaf(w) Eq. (5.22)
P?: (W) — ij,a, 70y Ty Ly (W) Eqg. (5.23)

where Paj (W) is the pullout resistance of the ij - fibers with a mean orientation angle (7. at the
jth cracked layer, determined according to the fiber orientation and segregation models. In Figure
65c-d is schematically presented an example of the calculation of the pullout force of the fibers bridging

the crack at the j™ layer of a FRC cross-section.

To determine ij . at first, the number of fibers at each orientation angle interval is evaluated for
the whole cross-section, according to the algorithm presented in Table 10. Afterwards, the
corresponding number of fibers within each orientation angle interval, at the jth layer, is determined

according to the segregation model, namely Eq. (5.11) to Eq. (5.13) (Figure 65b).
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Figure 65 — Schematic representation of coupling of the fiber orientation profile, fiber segregation
and fiber pullout resistance model: a) Lateral and section cut view of a cracked FRC member; b)
Determination of total number of fibers in a cracked layer, based on segregation model; c) Crack
width of the jth layer; d) Example to determine the fiber pullout force at the cracked jth layer,

considering NAp =4;Agp, =22.5°.
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5.2.4 Influence of the model parameters on the moment-rotation of SFRC members failing in

bending

In the present section is assessed the influence of the parameters of the new model on the moment-
rotation of SFRC members failing in bending. In Figure 66 is presented the cross-section geometry
and reference values of SFRC material properties of the case study. The influence of the variation of
the NLM107 parameters on the flexural response of the cross-section is analyzed, specifically in the

moment vs. rotation (M —@) response.

_ - Cross-section geometry: b =150mm; h=125mm

Fiber reinforcements: I, =35mm; d; =0.55mm;

= YV, =057%(45kg/m%); o, =1300MPa; £=0.0, NnAp=9.

7 Material properties: f, =13.12MPa; ¢, =3.5x10"; &, =17.5x107°;

| o f,=215MPa;c,=15; r,,, =10MPa; &, =0.5mm; & =0.1;
=05

Figure 66 — Cross-section geometry and reference values of the SFRC material properties
considered in the case study.
The moment-rotation cross-sectional analysis is performed according to the methodology presented in
section 5.3. At each loading step, the crack width of the bottom layer of the cross-section is increased
by Aw® =5x10°mm, up to a maximum crack width of w=7.0mm. The cross-section is divided in

125 layers of 1mm of thickness and with equal to 150mm.

According to the fiber orientation model described in section 5.2.1, the reference cross-section
presents a fiber orientation factor equal to 7 =0.574, which leads to a total number of fibers in the
cross-section under analysis equal to N, =260. Since fiber segregation factor is assumed equal to

zero (£ =0.0) all layers have the same number of fibers ij =2.08.

Number of divisions of the fiber orientation domain

In Figure 67 is presented the M —@ response of the cross-section considering four levels of division
of the fiber orientation domain, namely for nA@ =4, 9, 15, 30, which lead to an interval angle
between each division of the fiber orientation profile equal to, respectively,

Ap =22.5°,10.0°, 6.0°, 3.0°. As can be seen, the number of divisions of the fiber orientation
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profile influence the flexural response of the cross-section when the division level of the fiber orientation
domain is relatively small (nAg = 4). However, no influence in the response of the cross-section is

observed when the domain is decomposed in higher or equal 9 intervals (nAg >9).

1440 —ndep=4 | |
] - = nde=9 | |
i\«//‘\\\ "
12 A \ |0 qrm=e=- nA(p=15*‘
S 10' \ nAp=30| |
z b <
e 08 -~
2 I
1 N~
A
S 06 \'\"\.~
0.4 —=.
02
0.0 +————1r—————1r——t———————— s
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Rotation [rad]
Figure 67 — Moment vs. rotation relationship of cross-section considering nAg =4, 9, 15, 30.

Engagement model

In Figure 68 is analyzed the influence of the engagement model in the M —@& response the cross-
section. Three situations are considered in the analysis, as presented in Figure 69, namely: i) the
engagement model as considered in the present model; ii) the engagement model as considered in

the UVEM; iii) no engagement model.
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Figure 68 — Moment vs. rotation relationship of cross-section, considering different engagement
models.
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Figure 69 — Bond stress vs. slip considering three engagement models.

0

It is clear that the consideration of the engagement models has a significant influence in the resisting
moment of the cross-section, particularly in the initial stage of the flexural response. When comparing
the engagement model of the proposed model (linear variation of the bond strength up to the
engagement crack opening) with the UVEM model, at the early stage of the flexural response
( @ ~0.003rad ) there is a difference of about 25% of the resisting moment of the cross-section, with
the proposed model exhibiting a higher resisting moment. For the residual flexural response
( @ ~0.03rad ), the increase of the resisting moment of the proposed engagement model, when

compared to the engagement model considered in the UVEM, is only of 13%.
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Bond strength of the fiber pullout local constitutive law

The influence of the bond strength of the pullout response of aligned fibers, Too.p (Figure 63), in the
flexural response of the cross-section is evaluated taking in consideration different levels of 7, ,
namely Tho.p =2,5,10, 20MPa. The bond stress vs. slip relationship adopted in the pullout
response of aligned fiber is presented in Figure 70. As can be seen in Figure 71, the bond strength of
the pullout response of fibers has a significant impact in the flexural response of the cross-section. For
the case of Thop = 20MPa, both the pre-peak and post-peak M —& response of the cross-section
is influenced, as the member exhibits a pronounced deflection hardening behavior. For the cases
where 7, ,  <10MPa, the influence of the different levels of z, ,  is only significant in the post-
peak stage of the M —& response.
. %,0,=2.0MPa. ||
] - - -7,,=5.0MPa ||
] s+ . =10.0MPa| [

16 _ H
_ 7,0,=20.0MPa| [
14

12

10

8

7, — Bond stress [MPa]

6

=
4 ’ ~ e

2-/—f == ---—-——_

0

00 05 10 15 20 25 30 35 40 45 50
o—slip [mm]

Figure 70 — Bond stress vs. slip (z, , —&') of the pullout response of an aligned fiber considering

Thop = 2, 9,10, 20MPa.
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Figure 71 — Moment vs. rotation relationship of cross-section considering Tyop =2 9,10, 20MPa

Slip corresponding to bond strength of the fiber pullout local constitutive law

The influence of the slip corresponding to the bond strength of the pullout response, 5p (Figure 63),
in the flexural response of the cross-section of the case study, is analyzed considering four levels of
Oy namely 0, = 0.1,0.5, 1.0, 5.0mm . The bond stress vs. slip relationship adopted in the pullout
response of aligned fiber is presented in Figure 72. The M —@ relationship of the cross-section is
presented in Figure 73. It is evident that 5p has a minor impact on the first peak of the flexural
capacity of the cross section, but has a significant influence on this post-peak stage, with an increase

of the flexural capacity, ductility and energy absorption with the 5p .
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Figure 72 — Bond strength vs. slip (z, , —&') of the pullout response of an aligned fiber considering
6,=0.1,05,1.0, 5.0mm.
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Figure 73 — Moment vs. rotation relationship of cross-section considering
6,=0.1,05,1.0, 5.0mm.

Pre-peak exponent of the fiber pullout local constitutive law

The influence of the bond stress vs. slip gradient of the pre-peak fiber pullout local constitutive law
(defined by the « parameter, Figure 63) on the M —@& response of the present case study is
assessed in this section. For this purpose, values of & =0.001, 0.01, 0.1, 1.0 were considered. The
bond stress vs. slip relationship adopted in the pullout response of aligned fiber is presented in Figure

74. As is seen in the M — @ presented in Figure 75, the exponent « influences the flexural capacity
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of cross-section. The lower is « , the higher is the maximum resisting moment of the cross-section.
This is due to the higher contribution of the fiber reinforcement, provided by a higher pre-peak bond
strength up to o, Is reached, when a lower value of ¢ is adopted.
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Figure 74 — Bond strength vs. slip (z, , —&') of the pullout response of an aligned fiber considering

6,=0.1,05,1.0, 5.0mm.
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Figure 75 — Moment vs. rotation relationship of cross-section considering & = 0.001, 0.01, 0.1, 1.0

110



Advanced tools for design and analysis of fiber reinforced concrete structures

Post-peak exponent of the fiber pullout local constitutive law

The influence of the value attributed to the  parameter, which defines the post-peak bond strength
vs. slip rate, on the M — @& response of the present case study is assessed by adopting the following
values for the £ =0.1, 0.5,1.0, 5.0 (Figure 63). The bond stress vs. slip relationship adopted in the
pullout response of aligned fiber is presented in Figure 76. Considering the corresponding obtained
M —@ relationship of the cross-section presented in Figure 77, it is denoted that a sharper decrease
of the post-peak 7, ,—& relationship, which is obtained with a higher value of /5, decreases the
residual flexural capacity of the cross-section.

0. —— B=0.1--- g=05|
BV S N f=1.0 B=5.01f

~——
-f

L L
———T
-

7,, — Bond stress [MPa]

00 05 10 15 20 25 30 35 40 45 50
o —slip [mm]

Figure 76 — Bond strength vs. slip (z, , —&') of the pullout response of an aligned fiber considering

£=0.10.5,1.0,5.0.
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Figure 77 — Moment vs. rotation relationship of cross-section considering f =0.1,0.5, 1.0, 5.0.

5.2.5 Assessment of the predictive performance of the new model

In this section the predictive capacity of the NLMM107 model is assessed by comparing the flexural
response of SFRC notched beams submitted to 3-point bending tests, with the numerical response
determined with software DOCROS, where the NLMM107 was implemented. The experimental
results and material properties of the SFRC beams were obtained from published work of several

authors.

For each conducted analysis, the parameters of the NLMM107 model, namely those corresponding
to the pullout response of aligned fibers described by the bond stress vs. slip (z, , —&') of aligned
fibers, were obtained by a fitting procedure implemented in DOCROS, that resorts to the nonlinear
least squares fitting routine MPFIT [109]. The data considered in the fitting procedure corresponded
to the moment vs. crack tip opening displacement (CTOD) relationship that was derived from the
experimental results of the bending tests. For most of the studied cases, the moment vs. CTOD
relationship was obtained from the average force vs. midspan deflection results. The applied moment
in the midspan cross-section is obtained from the expression:

_F-L
4

M Eq. (5.24)

where L is the span length. The CTOD can be estimated by the expression proposed in [35]:
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h—ND
h

CTOD =CMOD -

Eq. (5.25)

where ND is the notch depth, h is the beam height and CMOD is the crack mouth opening
displacement. The CMOD can be determined as a function of the midspan deflection for bending
tests performed according to the RILEM TC 162-TDF or EN 14651 from the expression proposed in
[35]:

CMOD[mm]=1.18-6,,s [mm]—-0.0416 Eq. (5.26)
where o, is the midspan deflection.

Given to the inexistence of information, the tensile strength of the concrete matrix is also a parameter

to be derived during the fitting procedure.

Due to the existence of a notch in the SFRC members, executed after concrete casting, the fiber
orientation factor as determined according to Eq. (5.10) needs to be adapted to notched beam cross-
section, as is illustrated in Figure 78. In order to determine the fiber orientation factor of notched SFRC
beams, it is resorted to the Eq. (5.27) and Eq. (5.28), respectively for the case where If/2> ND
and I, /2 < ND, where ND is the notch depth.

1i/2 1i/2
gt ) ]
N é’l\\/}‘\)}t{\/)}‘&// RIS ZRVERANBN N N
= (Z% 2 |C>:E =
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| |
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O @ <
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| |
13 28 |2
b= = N8 Z
27 ' =
I 1i/2
| b | | b |
[ | [ |
== walls/boundaries w2 walls/boundaries
notch notch
a) b)

Figure 78 — Division of cross-section for determination of fiber orientation factor due to the existence
of notch: a) I, /2>ND;b) I, /2<ND.
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n-(b-1,)-(h-1, )+n2-[(b—l )-(I, =ND)+(h-1,)-1, |

" b-(h—ND) "

{ (/j( (I)/ NDH '|%>ND Eq. (5.27)
o ( I// ND)

[_b'(hl/ND)( " - NDJ'LU«'% g <no<n-l] eataos

b-(h—ND)

An additional aspect concerning the determination of the fiber orientation factor is related to the
rheology of the concrete mixture. Due to the employment of self-compacting concrete in some of the
cases in study, the fiber orientation factor adopted in the numerical models needs to reflect the
increased flowability of these concrete mixtures. For this aspect is resorted to the work of [42], that
idealizes the problem considering that the flowability of the self-compacting concrete as virtual layers
with a thickness equal to the fiber length, with each layer acting as a virtual boundary that induce fiber
alignment with the flow direction. Due to this, for the fiber orientation factor of zone 1 of the cross-

section (Figure 58), is considered an orientation factor of 77, =0.60.

In Table 11 are presented the FRC material parameters and the parameters of the NLMM107 model,

for each case study.

In Figure 79 and Figure 80 are illustrated the bond stress vs. slip relationship, z, , —o', of the pullout

response of aligned fibers, that are obtained with the NLMM107 model parameters derived by the
fitting procedure. For each case is also displayed the average bond stress, 7, , .., determined up to
the slip displacement correspondent to the maximum value of the CTOD obtained in the 3-point

bending tests, and the maximum allowable bond stress vs. slip relationship, —0. The

2-b,o,max

maximum allowable bond stress, 7, , ..., is determined from the expression that defines the fibers

tensile failure criteria (Eqg. (5.21)), namely:

oy dg

_ Eq. (5.29)
4- Lbf ,0 (W)

Tb,o,max (W) =
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In Figure 81 and Figure 82 are presented the experimental and numerical response of the force vs.

CTOD relationship of the FRC prisms submitted to 3-point bending, for all case studies.
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Table 11 — Material properties of the FRC mixtures considered in the assessment of the predictive performance of the new model.

Fiber reinforcement properties

Material properties

Bond stress vs. slip relationship

Reference I\f]l;(::;e Fiber Vs If df fu f%o\/\r/]act;(ielitti/ & E. fcc Ee fct 5p Th0,p o B
type  [%] [mm] [mm] [MPa] [MPa] [MPa] [%] [%] [MPa] [mm] [MPa] [x107]

Pereira [110] SFRSCC  HE 0.38 60 0.75 1100 SCC  0.645 0.0 35.85 61.60 3.00 6.00 3.21 0.745 13.75 1.0E-03 0.831
Lameiras [111] SFRSCCA HE 0.76 35 0.50 1300 SCC 0.619 0.0 35.83 65.78 5.87 12.00 1.83 0502 513 1.640 1.404
Frazdo et al. [112] BACRFA HE 0.76 35 0.50 1300 SCC 0.619 0.0 36.88 61.90 5.00 12.00 2.98 0.694 18.83 23.609 0.481
Valente etal. [113]  PreBeamTec HE 0.76 33 0.55 1300 SCC  0.550 0.0 37.00 45.95 2,50 3.50 2.66 0.011 11.91 14.600 1.0E-06
cl5_f45 HE 057 35 055 1300 SCC 0.619 0.0 23.31 13.12 3.50 17.50 2.29 0.700 10.23 1.340  0.499

Salehian [49] c25_f60 HE 0.76 35 055 1300 SCC 0.619 0.0 2862 2357 3.50 17.50 1.88 0.135 20.43 1.0E03 0.281
c45_f90 HE 1.15 35 055 1300 SCC 0.619 0.0 3523 4442 400 17.50 3.03 0.489 16.20 3.920 0.375

c30_f45 HE 057 30 0.40 1000 SCC  0.616 0.0 29.63 26.18 3.50 17.50 5.36 1.004 13.33 1.0E-03 0.993

Soltanzadeh et al. [114] ~ HPFRC HE 1.15 35 055 1100 SCC 0.619 0.0 36.06 67.84 2.60* 6.00* 6.99 1.797 17.30 1.0E-03 0.431
Frazéo et al. [15] RSFRC R 1.00 20 0.15 2850 regular 0.530 0.0 24.31 39.42 2.30* 5.00* 1.18 0.467 7.19 0.679 0.281
Amin [41] DA-0.5-S S 050 13 0.20 1800 regular 0.531 0.0 34.70 63.70 2.50* 6.00* 2.91 0.432 17.11 1.0E03 0.242
Pajak et al. [115] 0.5_S S 050 125 0.40 1250 SCC  0.606 0.0 42.60* 80.10 2.70* 6.00* 2.06 0.818 8.48 1.0E-03 1.0E-06

Legend: HE — Hooked-end steel fibers; S — Straight steel fibers; R — recycled steel fibers; SCC - Self-compacting concrete; * - estimated values
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Figure 79 - Derived bond stress vs. slip (z, , —&') of the pullout response of an aligned fiber for the numerical model of the FRC studied in :a) Pereira [110]; b)
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Figure 80 - Derived bond stress vs. slip (z, , —&') of the pullout response of an aligned fiber for the numerical model of the FRC studied in: a) mixture c45_f90
of Salehian [49]; b) mixture c30_f45 of Salehian [49]; c) Soltanzadeh et al. [114]; d) Frazao et al. [15]; e) Amin [41]; f) Pajak et al. [115].
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As demonstrated in Figure 81 and Figure 82, for the majority of the case studies, the application of

the NLMM107 model predicted with very good accuracy the flexural response of the FRC prisms.

The main discrepancy between the experimental and numerical results are observed in the FRC
studied in the work of Soltanzadeh et al. [114] and mixture c30_f45 of Salehian [49], with the
numerical models exhibiting a lower flexural resistance when compared to the experimental values.
Considering that the bond strength between the fibers cannot be increased, due to the maximum
allowable bond stress, 7, , ..., being reached at the initial stage of the fiber pullout response (Figure

80a) and b)), a further analysis to these results is conducted.

The numerical model determines the moment vs. CTOD considering the geometry and material
properties at the notched cross-section of a FRC prisms, and assuming that the crack starts at the
notch tip and propagates vertically along the notched section, as presented in Figure 83, which leads
to a maximum crack surface area equal to bxhsp. However, the real situation, particularly for the
case of high strength concrete matrix, the crack along the notched cross-section constantly changes
direction and can bifurcate in two or more cracks. These phenomena, respectively known as crack
tortuosity and crack branching [117], can significantly increase the fracture surface area leading to an
increase of the total fiber pullout resistance by rising the number of fibers being solicited during the
bending test. Ultimately, the overall flexural resistance of the FRC prisms submitted to 3-point bending
tests is higher due to this diffusive crack path. Some real examples of the crack diffusivity observed in

3PNBBT are presented in Figure 84.

<

Idealized
(/ crack
|

1 "Real"
crack

,— Notch
2
L Notch ‘ b |

Lateral view Cut
Figure 83 — Crack propagation in the cross-section of notched FRC prisms.
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R PR | 3P_SFRC_25

Figure 84 — Examples of crack tortuosity and branching of notched FRC prisms submitted to 3-point
bending tests (extracted from [118], [119]).

In order to consider the increase of fibers being solicited due to crack diffusivity, the number of fibers
in the idealized crack is multiplied by a crack diffusivity factor, x. The expression Eq. (5.23) that
defines the pullout resistance of the ij — fibers with a mean orientation angle ¢, at the j" cracked

@i

layer is modified to take into account the crack diffusivity factor, namely:

PI(w)=x-NJ_-7-d; 7 - Ly o (W) Eq. (5.30)

Di

The parameter x could be evaluated by performing a comprehensive experimental program that
considers the performance of fiber pullout tests, 3PNBBT and direct tensile tests. For the fiber type
and concrete matrix in analysis, the bond vs. slip relationship is derived from the pullout tests (Figure
85a). Afterwards, based on the moment vs. CTOD relationship obtained in the 3PNBBT and by
assessing the number and orientation of each fiber in fracture surface of each specimen (Figure 85b),
the crack diffusivity factor for FRC members in bending, x, , is obtained by performing an inverse
analysis considering the concrete matrix tensile contribution and the fiber pullout resistance
(Eq. (5.30)). Similarly, the crack diffusivity factor for FRC members in tension, «,, is obtained by
performing an inverse analysis based on the o —w relationsip obtained from direct tensile tests

(Figure 85c).
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Figure 85 — Schematic representation of methodology to derive the crack diffusivity factor, x . a)
Fiber pullout tests; b) 3-point nothed beam bending tests; c) Direct tensile tests.
In the absence of experimental results, the parameter x must be empirically defined. In Figure 86 is
presented the force vs. CTOD relationship of the FRC studied in the work of Soltanzadeh et al. [114]
and the mixture ¢30_f45 of Salehian [49], considering a crack diffusivity factor equal to k¥ =1.20. In
Figure 87 is presented the corresponding pullout response of aligned fibers, with the parameters of

NLMM107 obtained from the fitting procedure.
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Figure 86 — Experimental and numerical model comparison of force vs. CTOD relationship
considering xk =1.20 for the FRC studied in: a) mixture ¢30_f45 of Salehian [49]; b) Soltanzadeh et
al. [114].
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Figure 87 - Derived bond stress vs. slip (7, , —&') of the pullout response of an aligned fiber for the

numerical model considering x =1.20 for the FRC studied in :a) mixture c30_f45 of Salehian [49];
b) Soltanzadeh et al. [114].

In Figure 88 is presented the 7,0 —0 model of the aligned fibers pullout response for all cases
studied, which were obtained by adopting the fitting procedure. For the results of the mixture ¢c30_f45
of Salehian [49] and of Soltanzadeh [116] are considered the parameters obtained in the model with
x=1.20. The bond strength varies from 5.13 to 20.43MPa with the corresponding slide
displacement ranging from 0.01 to 3.39mm. It is also denoted that in most cases, in order to obtain
a good agreement between the experimental and numerical results, the pre-peak stage of the Tpo—O
model presents a pseudo-plastic behavior, with the exponent ¢ varying between 1x10™% to 0.14.

Forthe 7, , —& softening branch, the exponent 3 ranges between 1x107™ to0 1.40.
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Figure 88 - Derived bond strength vs. slip (z, , —&') of the pullout response of an aligned fiber for

the numerical model of all cases studies, according to type of fibers: a) hooked-end fibers; b) straight
and recycled fibers.
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In Figure 89 is compared the average bond strength, 7, .., up to the slip displacement
correspondent to the maximum value of the CTOD obtained in the 3PNBBT and the average bond
strength considered in the UVEM model [96] (Eq. (5.31), assuming that f_,, = 0.45-\/E). As can
be seen, the ratio 7, , ... /7y aevem fanges between 1.0 and 2.2. The higher average bond strength
derived from the fitting procedure, in comparison with the values considered in the UVEM model, can
be justified by the different experimental data used to derive these parameters. While in the UVEM
were considered the results of fiber pullout tests, in this study the parameters of the T,o—O Were
derived from 3PNBBT. As previously illustrated in Figure 83 and Figure 84, due to crack tortuosity and
branching the ratio between the total pullout resistance of the fibers and the number of fibers being
solicited is higher in the numerical model than the observed in the 3PNBBT. Consequently, when
performing the inverse analysis to derive the parameters of fiber pullout model, the bond stress is

overestimated to compensate the increase of solicited fibers in the fracture surface.
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5.3 Moment-rotation procedure for analysis of cross-sections

In order to be possible to analyze the flexural response of structural members’ cross-sections
considering the NLMM107 model to simulate the FRC behavior, a moment-rotation procedure,
M —@ , was implemented in DOCROS. In this algorithm, after cracking in concrete is detected, is

considered an incremental increase of the rotation of the cross-section, A&, which leads to the
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increase of crack width and the crack propagation across the cross-section height. At the pth rotational

increment, the rotation of member is equal to:

0° = p-AO Eq. (5.32)

The axial deformation of the jth layer at the pth rotation increment, Djp, W can be determined by

the following relationship:
DP =6-(d; -x) Eq. (5.33)
where, dj is the depth of the center of gravity of the j™ layer, and X is the neutral axis depth.

The corresponding strain of the jth layer can be obtained by Eq. (5.34), considering that L, is the

crack spacing of the FRC member.

el = ! Eq. (5.34)

For the cracked layers in the cross-section, the crack width is determined according to the expression:

E

cr

Eq. (5.35)

C

In each rotational increment, the neutral axis position is determined according to an iterative process,

considering the equilibrium of forces in each layer that discretizes the member cross-section, namely:

SFP~0 Eq. (5.36)

The axial force of the j™ layer of the cross-section is determined based on the stress at the layer,

namely:

J J ]

The resisting moment is determined according to Eq. (5.38).

N
Mpg =D FP-d, Eq. (5.38)
j=1
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The flexural stiffness of the cross-section, in the form of the moment vs. curvature (M — y)
relationship, can be determined by evaluating the curvature of the cross-section, y , at each rotational

increment @° , according to Eq. (5.39).

p_ P
£ —&j4

= Eg. (5.39)
d-d,

X

5.3.1 Numerical simulation of FRC structural members

In the present section is assessed the capability of capturing the structural response of FRC members
by adopting the NLMM107 model and the moment vs. rotation relationship of the members cross-

section.

In the first study case is performed the numerical simulations of flexural tests of the R-FRC beams
studied in [120]. The experimental program includes the characterization of the force vs. midspan
deflection of three sets of R-FRC, considering different characteristics of the FRC. The FRC studied
corresponds to the mixtures c15_f45, c¢25_f60 and c45_f90 presented in Table 11, for which the
parameters of the NLMM107 model were already derived, namely the bond stress vs. slip relationship,

Tpo— 0, of the pullout response of aligned fibers, based on the results of 3PNBBT.

The beams were submitted to 4-point bending tests, with a span length equal to 1400mm (Figure 90).
The rectangular cross-section has 150mm of width and 100mm of height. The beams are
longitudinally reinforced with one @8mm steel bar with 40mm of cover. The midspan central deflection
was registered with an LVDT installed on an aluminum bar. During testing, the crack width at the

reinforcement level was also registered.

lF

[ ] ‘ . 0000000000000 —
| VDT : ‘ Aluminum bar T
a i ﬂj T T r | 71 00
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e 1 s i
; 900 . 250 _. 250 | 900

Figure 90 — R-FRC beams submitted to four-point bending tests (extracted from [120]).
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The numerical simulation was performed by adopting the derived NLMM107 model parameters to
obtain the moment vs. rotation and moment vs. curvature relationship of the cross-section of the
beams studied in [120]. For the simulation of the steel reinforcement was adopted a linear-plastic
model with the following parameters: vyield stress: fsy =575MPa; Young's modulus:

E, =204.8GPa; and ultimate strain: ¢, =32x107°.

In order to obtain the flexural response of the cross-section based in the presented moment-rotation

procedure is necessary to determine the crack spacing, L

cr?

of the R-FRC beams. The crack spacing
of the beams was estimated considering the model presented in MC2010 and described in section
2.5.5 of this thesis, for which was determined that the mean crack spacing of the R-FRC beams is

equal to L, =60mm.

The numerical simulation of the bending tests is performed in the software DEFDOCRQOS, developed
in [121], that derives the force-deflection of statically determinate structural elements based on the
flexural stiffness, namely the moment vs. curvature (M — y ) relationship, of the cross-section of the
structural member. The beams are discretized by 2-noded Euler-Bernoulli elements, and for each

segment is considered the M — y relationship obtained in DOCROS.

In Figure 91 is presented the comparison of the force vs. midspan deflection obtained experimentally
and in the numerical simulation. To be noticed that the experimental force-deflection response
observed experimentally denotes that the failure did not occurred due to yielding of the steel
reinforcement, pointing to the debonding of the steel bar. As the numerical model considers a perfect
bond between the reinforcement bar and the surrounding FRC, are expected some divergences
between the experimentally and numerically obtained force-deflection responses of the beams. These
deviations are notorious in the response of mixtures c25_f60 and c45_f90, with the numerical model
predicting the force-deflection response of the tested beams up to the maximum force observed
experimentally. For the case of mixture c15_f45, it is evident that the numerical model could not

accurately capture the experimental response of the tested beam.
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Figure 91 — Comparison between the experimental and numerical model force vs. midspan
deflection for the R-FRC beams submitted to 4-point bending tests considering different FRC
mixtures: a) ¢c15_f45; b) ¢25_160; and c) c45_f90 [114].

In Figure 92 is presented the comparison between the experimental and numerical derived moment
vs. crack (M —w) width at reinforcement level of the tested beams. As it is observed, the numerical
simulation was able to capture with a significant accuracy the M —w response of the tested beams,

particularly the case of mixtures c15_f45 and c25_f60. For the case of the mixture c45_f90, it is

observed a more pronounced deviation between the experimental and numerical results.
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Figure 92 — Experimental and numerical model comparison of moment vs. crack width at
reinforcement level for the R-FRC beams submitted to 4-point bending tests considering different
FRC mixtures: a) c15_f45; b) ¢25_f60; and c¢) c45_f90 [114].

Next is presented the application of the NLMM107 model and the moment-rotation algorithm to predict
the flexural response of a composite beam studied in [113]. The composite beams are formed by
castellated U-shaped steel profiles with an upper flange and web formed by steel fiber reinforced self-

compacting concrete. The steel profiles are formed by steel sheets with a thickness of 3mm. The web

of the profiles is cut to form a castellated geometry, as presented in Figure 93.
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Figure 93 - Steel profiles geometry.

The self-compacting concrete adopted in the experimental program corresponds to the mixture
presented in Table 11, denominated as PreBeamTec, for which the bond stress vs. slip relationship,

Tpo—0, of the pullout response of aligned fibers were already derived based on the 3PNBBT results.

The composite beams were submitted to 3-point bending tests, with a span length of 1100mm. The
test setup and geometry of the beams are presented in Figure 94. The midspan deflection of the beam
was registered with an LVDT installed on an aluminum bar (Figure 95). In addition, the deformation
of the composite beam top and bottom face is also registered using strain gauges, placed at 50mm

from the midspan of the composite beam.
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Figure 94 - 3-point bending test setup and section cuts of composite beam (dimension in mm)
[113].
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e e

Figure 95 — Composite beam ready for testing [113].

The numerical simulation of the 3-point bending test of the composite beam was performed by
estimating the moment vs. rotation and moment vs. curvature relationship of the cross-section of the
composite beams. For the simulation of the concrete behavior was adopted the NLMM107 model,

whose parameters correspond to mixture PreBeamTec presented in Table 11.

For the simulation of the steel reinforcement was adopted a linear-plastic model with the following
parameters: yield stress: fSy =235MPa; Young's modulus: E; =210GPa; and ultimate strain:
Eq =10x1073.

In Figure 96 is presented the moment vs. curvature derived numerically using DOCROS at four
section cuts of the composite beam, and the M — y relationship obtained experimentally considering
the deformation measured with the strain gauges at the top and bottom faces of the composite beam.
The numerical relationship derived with DOCROS was obtained admitting a perfect bond between
the castellated steel profile and the FRC, and for the moment-rotation calculation procedure was
considered a crack spacing equal to the height of the beam (L, = 220mm). Knowing that the strain
gauges are positioned between the beam’s section cuts CC' and DD’, it is clear the experimental
M — y relationship is stiffer and denotes a significantly higher flexural resistance than the observed

numerically with DOCROS.
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Figure 96 — Experimental and numerically derived moment vs. curvature relationship at four section

cuts of the composite beam studied in [113].

Considering the M — y relationship derived in DOCROS, the force vs. deflection of the composite
beam when submitted to 3-point bending was obtained using the software DEFDOCROS. As it is
presented in Figure 97, the numerical response could not capture the ultimate flexure capacity
observed during the 3-point bending test. The discrepancy is based on the difference between the
experimental and numerical M — y relationship observed in Figure 96. However, up to a deflection
value of L/500=2.2mm, which is normally considered in the verification of the limit states of

deformation of concrete members, the force vs. deflection response obtained in DEFDOCROS is

similar to the observed experimentally.
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Figure 97 — Comparison between the force vs. midspan deflection of the composite beam submitted

to 3-point bending studied in [113].
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5.4 Concluding remarks

In the present chapter was proposed a model capable of describing the flexural behavior of 1D type
FRC members considering the orientation of the fibers, the fibers segregation along the cross-section

of these members, and the pullout constitutive model of each fiber bridging the two faces of a crack.

At the cross-section of a FRC member, the model is able to predict the distribution of the fibers in
discrete orientation intervals, based on the evaluation of the orientation factor, which is a function of

the length of the fibers and of the geometry and boundaries of the cross-section.

The model also includes a strategy to simulate the fiber segregation phenomena that can occur during
FRC casting. This strategy relies in the definition of a unique parameter, denominated fiber segregation

factor, where a linear variation of the fiber distribution along the depth of the cross-section is assumed.

The cross-section of the FRC member is divided into layers, and the number of fibers in each layer
and within each orientation angle interval is determined by coupling the fiber orientation profile and

segregation models.

In the proposed model, the fiber contribution to the post-cracking resistance of the FRC is determined
according to the pullout resistance of the number of fibers in each layer and within each orientation
angle interval. A new nonlinear bond vs. slip relationship is proposed to simulate the behavior of the

interface between fiber and concrete matrix.

The components of the proposed model were coupled and implemented in a software for the analysis

of cross-sections of R-FRC members failing in bending, considering a moment-rotation procedure.

The performance of the new model was assessed by comparing the flexural response SFRC notched
beams submitted to 3-point bending tests. For the majority of the studied cases, a very good
agreement between the experimental and numerical results was obtained. For the cases that displayed
some discrepancies, the influence of cracking tortuosity and branching was addressed by defining a
crack diffusivity factor. After adopting an empirical value for the crack diffusivity factor, a good

agreement was obtained between the experimental and numerical results.

The chapter ends by assessing the capability of the new model to simulate the flexural response of

FRC structural members. Although were obtained some discrepancies between the numerical and
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experimental results, up to a certain level, the model was able to satisfactorily capture the experimental

results for two case studies.
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6 CREEP OF CEMENT BASED MATERIALS

6.1 Introduction

This chapter focus on the main aspects necessary to simulate the concrete creep effect by attending

the viscoelastic response of cement based materials (CBM).

A review of fundamental concepts of creep, its driven mechanisms and main influencing factors for

CBM are described.

An overview of the most widespread and significant existing creep prediction models is provided.
Additionally, a new creep model capable of predicting the creep response of CBM, since their early

ages, is presented.

A concrete constitutive model that couples the creep and cracking behavior of CBM is derived and
implemented in a software based on the finite element method (FEM), and its predictive performance

is assessed.

6.2 Time-dependent deformation

When in service, all CBM, e.g. concrete and mortar, experience the effect of instantaneous and time-
dependent deformations. The total uniaxial deformation of a material at the time t, upon a sustained

load since time t, can be divided in five components, as expressed in the Eq. (6.1):
e(t) = (to) + &, (1) + 4 (1) + & (1) + £, (1) Eqg. (6.1)

where ¢, is the instantaneous strain at loading, &,

is the creep strain, &, is the shrinkage
deformation, &; is the material deformation due to thermal expansion or contraction and ¢, is the

crco

crack strain. The strains &

ins !

&, and g, are caused by the applied stress (or stress history), being
commonly referred as mechanical strains, while the remaining components are stress independent
strains. In Figure 98 are represented the CBM strain components along the time interval [td ,t] , Where
t, is the time where shrinkage starts, of an uncracked material submitted to a constant compressive

stress applied at t,, considering a uniform temperature during all the time interval.
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Figure 98 — CBM strain under constant load and temperature.

6.3 Creep fundamentals

All the CBM, e.g. concrete and mortar, exhibit a viscoelastic behavior characterized by an
instantaneous and a time-dependent deformation upon loading. When submitted to a constant
sustained stress, the time-dependent deformation of a CBM is depicted by a slow and continuous
increase of deformation with time, at a decreasing rate, but without a maximum limiting bound (Figure

99a) [122]. This phenomenon is commonly referred as creep.

Alternatively, the viscoelastic behavior of a CBM can also be identified with the decrease of stress
when the material is submitted to a constant strain (Figure 99b). The latter behavior is called
relaxation. Both types of viscoelastic phenomena are driven by the same principles, and differ only on
the boundary conditions of the problems [123], although for CBM the term creep is generally adopted
when describing the time-dependent deformation apart from shrinkage and thermal volume changes,

and for so it remains the focus of this work.
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Fig(jze 99 - Viscoelastic behavior: a) Creep; b) Relax;:)on.
The creep behavior depicted in Figure 99a is generally obtained when the applied stress is under the
typical working stress level of CBM at serviceability limit state (SLS) loading conditions, which is
generally 40-50% of the material strength. However, a more general form of the creep deformation
can be obtained (Figure 100), considering that the sustained load is above 50% of the ultimate load.
In this case, the creep deformation can be divided in three stages: a) primary creep (or transient
creep), that is characterized by a decreasing rate of creep with time; b) secondary creep (or steady-
state creep), where the time-strain rate due to creep is almost constant; c) tertiary creep (or
accelerating creep), when the time-strain rate due to creep increases continuously up to the failure of
the material. For typical values of working stress in CBM, primary and secondary creep stages are

undifferentiated, and the tertiary stage is never reached [124], [125].
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Figure 100 - General form of creep deformation.
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For a previously loaded specimen, when the stress is removed at instant t, only a partial recovery of
the accumulated deformation is observed, which corresponds to the instantaneous response to the
unloading, &, (t1) and to a long-term reduction of the creep strain with a gradual decreasing rate,
Eqr g (t) (Figure 101). Upon unloading, the recoverable part of the creep strain is often named

delayed elastic strain & (t) and the irrecoverable part is often referred as flow ¢, (t) [123].

cr,d

SN P
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[ t t

Figure 101 — Recoverable and irrecoverable components of creep strain.

A further fundamental concept in the study of creep is the /linearity, which can be assumed if the
applied stress level is less than about 40-50% of the material strength limit. A viscoelastic behavior
can be considered linear when the principle of superposition and proportionality are fulfilled [126],

which means that there is a linear relationship between stress and strain, as the one expressed in

Eq. (6.2) [127].

e(t)=J3(tt,) o(t,) Eq. (6.2)

where J(t,t,) is the uniaxial creep compliance function that characterizes a given CBM. The creep
compliance is a function that represents the instantaneous plus the creep deformation at time t,
caused by a unitary stress acting since time t,. The typical curves of the compliance function with

respect to varying time t and loading ages t, are presented in Figure 102.

139



Advanced tools for design and analysis of fiber reinforced concrete structures

J(t,to) ‘](t’tO) tos
|
to,z
tos
to,4
tO,l t0,2 to,s to,4 t |Og(t-t0)

Figure 102 - Typical curves of creep compliance [128].

The meaning of proportionality is reflected in Eq. (6.3): a loading n times larger than another loading,

shall also produce creep strains that are n times larger than those of the latter [127].

e(n-o)=n-g(o) Eq. (6.3)
n = const
where ¢ is the material strain and o the applied stress. Considering the proportionality, it is possible

to study a material submitted to a given stress level and extrapolate the viscoelastic behavior for

distinct stress levels.

The superposition principle is illustrated in Figure 103 through an example with two independent
loads/stresses applied: o,(z,)at instant 7, and o, (z,) atinstant z,. According to this principle, if
a material is subjected to a loading history that corresponds to the combination of two independent
load cases, the creep deformation corresponds to the cumulative effect of each individual load case
(see curves a, b and c in Figure 103) [123], [126]. Overall, the superposition principle can be

expressed mathematically by the following expression:

8(0‘1+O'2)=8(O'1)+8(O'2) Eq. (6.4)

where ¢ is the total strain, while o* and &2 are the load cases.
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Figure 103 — Superposition principle of creep strains (adapted from [123]).

In general, the deformation of a material due to a nonconstant applied stress history can be estimated
by application of the superposition principle. This principle was applied for the first time in concrete
by McHenry [129]. McHenry stated that the strain produced by the stress increment applied at any

time t,., is not affected by any previous and subsequent applied stresses. According to the

0,7
superposition principle, the total strain &(t) caused by a given stress history o (t) can be obtained
by decomposing the history in small increments da(tovi) applied at various time instants t; (Figure
104), adding the corresponding strains based on Eq. (6.2) and the stress independent strains &°,

resulting in the following Stieltjes integral [122], [123], [128]:

&(t) :j-\] (tty;)-dor(ty; )+ (t) Eq. (6.5)

t
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Figure 104 — Decomposition of time varying stress history.

Assuming that a material remains stress free until, at some time instant t,,, a finite stress o, is

0,1’

applied in a sudden jump, and subsequently the stress a(t) varies continuously, Eq. (6.5) can be

written in terms of the Riemann integral [122]:

8(t)=dl-J(t,t0’1)+J‘J(t,to).dadt(to)dtontgo (t) Eq. (6.6)
s 0

If the strain history g(t) is known, then Eq. (6.5) or Eq. (6.6) represent an integral equation for the
stress history a(t), known as the Volterra integral equation [122]. The compliance function J (t,to)
is the kernel of the integral equation [122], [128]. Due to the aging nature of CBM materials, the creep
compliance J (t,to) is a function dependent on two variables (t and t,), and the use of the Laplace
transform is ineffective to resolve the Volterra integral equation [130]. Nonetheless, in general the
strain history g(t) is not prescribed and Eq. (6.5) or Eq. (6.6) represents a uniaxial stress-strain

relationship for creep [122].

Based on the theory of linear viscoelasticity, the superposition principle has been applied to materials
with aging (aging linear viscoelasticity) [128]. Materials with aging are those whose mechanical
properties are age dependent, such as the case of concrete and others CBM [126]. The fact that
J (t,to) is a two variable dependent function (t and t,) is a consequence of aging, which adds a
significant complexity in the process of deriving accurate creep prediction models. If no aging is
considered, then the compliance function can be only expressed as function of the duration period

t-t,, J (t,to) . The concept of aging is further developed in the following sections.

The use of the superposition principle for the analysis of creep problems is restricted to the following

conditions [131]:
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- The stresses are within the service stress range (typically for stress/strength ratio lower than

40%);
- The strains do not decrease in value;
- There is no drying creep;

- Although possible, the stress increase after initial loading must exhibit a smooth change (i.e.

no sudden variations are allowed).

It has been reported [128], [131]-[134] that the violation of these conditions yields in inaccurate
predictions of the creep behavior of concrete specimens. The particular case of using the superposition
principle to predict the creep recovery response after partial or total unloading has revealed an
overestimation of the creep recovery when compared to experimental results [131], [132]. The latter

phenomenon is represented in Figure 103d.

If the conditions of linearity are not fulfilled, it is then stated that the material exhibits a nonlinear
viscoelastic behavior. The study of nonlinear viscoelastic behavior is not included within the scope of

the present document.

Disregarding the influence of the remaining time-dependent deformations, namely shrinkage and
thermal volume changes, the total deformation g(t) of an uncracked uniaxial loaded CBM material

is expressed by:

S(t) = Eins (t0)+ Eor (t) Eq (67)

For stress-strength ratio lower than 40% the instantaneous strain is defined by:

(1) = ZL0) Eq. (6.8)

and the creep compliance can be expressed as:

J(tt,) =

Eq. (6.9)

E(t,) of(t)
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To the second term of Eq. (6.9) is called specific creep C(t,to) and represents the creep strain at
time t produced by a sustained unit stress applied at time t,. In Figure 105 are represented some

examples of specific creep curves for a material loaded at different loading ages.

Cltt,) == () Eq. (6.10)

o(t)

C(t.o) N\

C(tto1)

C(tt,,)

C(ttos)

tO,l to,z to,s t

Figure 105 — Example of specific creep curves for a material loaded at different time instants.

Commonly, the creep deformation of CBM is quantified by the creep coefficient (p(t,to). This
coefficient is defined as the relation between the creep strain &, (t) evaluated at the instant t and

the instantaneous strain &, (t,) at the instant t, , namely:

&y (1)
o(tty)= Eq. (6.11)
gins (to)
Based on Eq. (6.2), Eq. (6.7), Eq. (6.8) and Eq. (6.11) the creep compliance and the creep coefficient

can be related by the following expression:

J(t,t,) = [1+(p (t.ty) ] Eq. (6.12)

(

Introducing Eq. (6.12) in Eq. (6.2), the total deformation &(t) attime t of a material submitted to

a constant stress state o-(to) since time t, is obtained by the following expression:

g(t)=o(t,)- [ro(tt)] Eq. (6.13)

E(t)
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The inverse of the second term of Eq. (6.13) is known as effective modulus, E(t, )/(1+ (p(t,to))
[123]. When considering the existence of the other remaining time-dependent deformations, the

shrinkage strain, thermal dilation strains and cracking strains must be added to Eq. (6.13).

From Eq. (6.11) and Eq. (6.8) is possible to determine the creep strain at a given time instant t,
resultant from a constant stress state a(to) applied since time t,, based on the creep coefficient
@(t,t,) and on the material elastic modulus E(t,) atthe corresponding loading age:

o(t)

&y (t)= () Eq. (6.14)

E(t)

6.4 Creep mechanisms and influencing factors in CBM

The mechanisms that control creep behavior of CBM materials remain to be fully understood.

According to [135], [136], some of these mechanisms can be:

- Sliding of the colloidal sheets in the cement gel between the layers of absorbed water — viscous
flow;

- Expulsion and decomposition of the interlayer water within the cement gel - seepage;

- Elastic deformation of the aggregate and the gel crystals as viscous flow and seepage
occurring within the cement gel — delayed elasticity;

- Local fracture within the cement gel involving the breakdown (and formation) of physical bonds
— micro-cracking;

- Mechanical deformation theory;

- Plastic flow;

- Solidification theory;

- Microprestress of creep sites in cement gel microstructure.

More recently [137], the creep deformation of concrete has been strongly linked to the dissolution-
precipitation process that acts at nanoscale contact regions of calcium-silicate-hydrates (C-S-H)
particles. Based on nanoscale analysis techniques, it has been showed that the creep rates are related
with the dissolution rates of C-S-H. The physical mechanisms rely on dissolution of C-S-H particles in

high stress regions and their re-precipitation in low stress regions.
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When submitted to sustained stress for long periods of time, concrete creep deformation can reach
about 50% in the first 2-3 months and about 90% in 2-3 years after loading [123]. Afterwards, the

strain rate is almost negligible [123].

It is known that creep deformation of CBM can be decomposed in two parts: a) basic creep; b) drying
creep. The basic creep is associated to the stress state of the material and can be identified in sealed
specimens in which all moisture interactions with the external environment are avoided. Basic creep
is considered as a material constitutive property and independent from the specimens size and shape
[138]. The drying creep is related to the time dependent deformation coupled with the drying effect of
the CBM specimens, and is experimentally determined after subtracting shrinkage, elastic, thermal

and basic creep components from the total measured strain [123], [138].

It is believed that the basic creep component is related with the debonding and rebonding at the highly
stressed sites within the C-S-H microstructure [122]. While the drying component is related with the

increase of stress at the C-S-H sites, and consequently of the rate of bond failure [122].

To the best of the knowledge on the matter, it is known that the creep deformation magnitude and
rate of change is influenced by different factors such as: material composition, and environmental and
loading conditions [123], [128]. In general, the creep deformation of high strength concrete is lower
than normal strength counterparts. Additionally, the higher aggregate content and maximum aggregate
size, and the lower water-cement ratio, also reduce the creep deformation of CBM [123]. Regarding
the element geometry, the creep is more significant in thin structural specimens, such as slabs, which
exhibit higher surface-area/volume ratios [123], [139]. In addition to relative humidity, the
environment temperature is also an important factor in creep phenomena. The rise in temperature
increases the deformation of the cement paste and accelerates drying and consequently increases the
creep. The dependence of creep deformations to the temperature is more pronounced in high
temperatures and has low relevance between 0° C and 20° C. At room temperature of 40° C, the creep

in concrete has been reported to be 25% higher than that at 20°C [123].

Regarding the CBM creep response upon unloading, the delayed elastic strain is thought to be a result
of the elastic recovery of the CBM aggregates [123]. For concrete specimens loaded for long periods
of time, the delayed elastic recovery can reach approximately 40-50% of the instantaneous strain of

the material [123]. The flow (irrecoverable) strain is thought to be caused by irreversible changes in
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the material microstructure that occur during the hydration process, rupture of the interparticles bonds

by moisture seepage and micro-cracking [140].

The creep deformation of CBM is highly influenced by the loading age of the specimens. For early
ages, the creep strain magnitude is higher than for specimens loaded at later ages (Figure 106),

considering specimens submitted to equal stress levels. To this behavior is called aging (or maturing).

Bazant physical explanation for aging is based on the solidification-microprestress theory [141]-[144],
being related with the microstructural changes in the concrete pores. While the short-term aging is
related to the volume growth of the hydration products in concrete pores (solidification concept), the
long-term aging effect is assigned to the relaxation of the microprestress that is generated by the
disjoining pressure of adsorbed water in the micropores and from the volume changes of the hydration

products [143].
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Figure 106 — Example of the dependence of creep strain of concrete specimens with the loading age
(extracted from [130]).

In Figure 107 is displayed the typical response of the specimens when submitted to loading and total
unloading periods, given to the aging effect of CBM. It is noticeable that due to the increase of material
stiffness (E (t,) <E(t, )), the instantaneous deformation of the material is smaller for older ages of

the CBM [, (t.) <&

Ins

(to)]. Additionally, the creep deformation recovery after total unloading is

smaller than the creep deformation at the loading stage [ &, (At,t,) < &, (At,t,)], for similar load

147



Advanced tools for design and analysis of fiber reinforced concrete structures

duration periods At, inducing an irreversible deformation of the CBM. The aging effect is particularly

noticeable when comparing CBM specimens loaded since very early ages (tO < 3days) [145].
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Figure 107 — Example of loading-unloading creep response of aging material (adapted from [146]).

Additionally, the creep deformation of CBM is influenced by the stress level applied to the specimens.
If the applied stress level is on the linear domain of the stress-strain relationship of the material, it is
possible to state that the creep deformation is proportional to the stress, according to Eq. (6.2) [139].
Otherwise, the creep deformation exhibits a nonlinear response, and the creep deformation increases
at a faster rate [123]. For CBM materials the maximum stress limit value where creep exhibits a linear

response is about 40-50% of the material strength, compressive or tensile [128], [130].

Although the main topics in CBM creep assessment are related with compressive stress states, the
consideration of creep effect in tension is of great interest, especially in the analysis of the cracking
risk of structures since early ages, due to the effects of shrinkage, temperature variations and load
actions. Although some experimental research has been carried to evaluate the difference between
concrete specimens submitted to compressive and tensile creep tests, a consensus between the
researchers has not been reported [147], as some findings evidenced that creep is higher in
compression, others have reached opposite conclusions, and similar response have also been pointed

out [148].

The main mechanisms that rule the behavior of CBM creep in tension are common to creep in
compression, namely i) micro-diffusion of water between capillary pores; and ii) long-term sliding of

the calciums-silicates-hydrates, with the addition of micro-cracking [147]. Additionally, the creep in
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tension has also evidenced to be influenced by the same type of factors as creep in compression,

namely loading age, temperature, mix proportions and stress/strength ratio [145], [147].

6.5 Creep compliance prediction models

In order to assess the performance of creep sensitive structures or structural components it is of key
importance to adopt accurate prediction models that can simulate the creep behavior of CBM, namely

the creep compliance.

In this section are presented some the most widespread creep prediction models, including an analysis
of the capabilities and drawbacks of each model. Additionally, a new model capable of predicting the

creep behavior of CBM since early ages is also proposed.

Regarding the use of creep prediction models, it is highly desirable that the models used in the analysis
of structures follow the guidelines presented in [149]. More recently, these guidelines have been

reviewed [150]. The main recommendations that a creep prediction model should comply are:

- The model should describe creep in terms of the creep compliance function J (t,to), rather

than by the creep coefficient (p(t,to) [149];

- Basic and drying creep components should be given by independent terms in the model
formulation. The total creep deformation results from adding the instantaneous deformation

with the basic and drying creep components [149];
- The creep compliance function must satisfy certain thermodynamics restrictions:

o The creep compliance J (t,t,) is always monotonically increasing function, which is

mathematically translated into [128]:
M >0 Eq. (6.15)
ot

oJ(t,t
o The rate of the creep compliance % decreases with time [128]:

2
%so Eq. (6.16)
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o For increasing loading ages there is a decrease of the creep compliance magnitude
for similar load duration periods t—t;, as is illustrated in Figure 108 and is

mathematically expressed by [128]:

[8\] (t'tO)} <0 Eq. (6.17)
8t0 t-t,
J(t.t) .
|
to.
t0,3
/ t0v4
log(t-t,)

Figure 108 — Dependence of creep compliance rate with loading age t, in the log (t —to) time
scale (based on [128, Fig. 2.1]).

- Drying creep should approach a final asymptotic value [149], [150];

- The basic creep model should be able to describe the experimental data through the entire

ranges of loading ages t, and load duration t—t,, namely:

o The final basic creep value is not limited, i.e. does not possess any asymptotic final

value [149];

o A power function is recommended to describe well the shortterm duration
experimental creep data, while for long-term duration an asymptotic approach to a

logarithmic function is suggested [149], [150];

o The transition between the short-term and long-term durations shall be centered on

a specific creep value, rather than on a specific time duration [149], [150];

o The aging effect on creep can be described by a power function of the loading age

t, , with a small negative exponent (approximately equal to — %) [149], [150];

0 !
- It is advisable that creep curves reveal a nondivergence property. Although this is not strictly

necessary on a theoretical basis, by coupling the superposition principle with the creep models
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that exhibit divergence, a nonmonotonic recovery of creep strain upon total unloading can be

attained (Figure 109) [149];

o Divergence occurs when creep curves, for the same time t and for a higher loading
age t,, exhibits a smaller slope than a creep curve of a lower loading age (Figure
109), which can be mathematically expressed as [151]:

ad(t.ty,) 3 ol (t.ty,)
ot ot

Lt >t Eq. (6.18)

J(t,t)

Diverging

Converging

-#=

J(t'tm )G(tﬂl )

eM)= J(t,tg‘llo'(to,i)
= (tL,)-ot,)
I, ):00,)
ton oo T t
Figure 109 — Example of divergence of creep curves and nonmonotonic recovery of creep strain
upon total unloading (t, - point of recovery reversal) (adapted from [151, Fig. 1]).

- The creep model shall also be suitable for implementation in numerical computation, namely
to expand the creep expression into a Dirichlet series, making it possible to characterize creep

in a rate-type form corresponding to a Kelvin or Maxwell chain model [149];

- ltis also preferable that the Dirichlet series expansion process can avoid ill-poised problems
with nonunique solution, and always outputs positive and increasing Kelvin chain moduli with
time (which grant nondivergence property) [149]. These problems can arise due to the age
dependence of the Kelvin chain moduli, and are avoided if the age dependence is given by an

external parameter, by means of some transformation of time [149], [150];

- The creep model must be continuous regarding its involving variables [149];
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- The mathematical form of the prediction model should be based on a theory that can

physically explain the process involved in the creep phenomenon [149], [150];

- The creep model accuracy should be assessed by using a comprehensive database that
includes all the relevant creep tests available in the literature, namely the data bank developed
in the Northwestern University [149], [150]. The model should achieve the lowest possible
coefficient of variation, and its value must be supplied with the model formulation [150]. The
validity of the model cannot be acknowledged from a partial selection of data tests, to which

the model presents a good fit [149], [150];

- The application of the creep models in the analysis and design of creep sensitive structures
should be coupled with the use of confidence limits, such as 95%. This means that when
applying such confidence limit in the design of a structure, the probability of not exceeding a
specified structural response (e.g. maximum midspan deflection of a beam or slab) is equal

to 95%. [149];

- The most important parameters of the model should be calibrated according to short-term
creep tests and then extrapolating the data for long-term [149], [150]. In situations where is
considered that creep deformation plays a critical role in the behavior of structures, it is

mandatory to adopt this methodology [136], [138].

6.5.1 Existing models

This section presents five existing creep models that have a widespread use and encompass the state-
of-the-art theories to predict the creep of concrete, especially its basic component. The identified
models are: (i) the Double Power Law (DPL); (ii) the Model Code 2010 model (MC2010); (iii) the
Eurocode 2 model (EC2); (iv) the B3 model; (v) and its recent updated form, the B4 model. These
models have almost exclusively been derived for concrete. However, as the creep is mostly caused by
the deformation of the cement paste, it is considered that the existing models can be applied to other

CBM, as mortar, including the use of fiber reinforced cement composites (FRC).

Amongst these creep prediction models a division can be drawn based on the followed approach
applied to describe creep: (i) the DPL, EC2 and MC2010 models follow the classical approach that
treats the material parameters involved in creep as empirical functions of time and loading age; (ii)

the B3 and B4 models that follows a phenomenological approach, where the materials parameters
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are determined based on the existing physical, chemical and thermodynamic understanding on

concrete creep phenomenon and its microstructure.

6.5.1.1 Double Power Law

The Double Power Law was proposed in 1976 by Bazant and Osman [152], and it is based on the
evidence that creep of concrete can be described by power functions of load duration (t—tO) and

inverse power functions of loading age t, to describe aging effect [153].

It is a simple and versatile model, which is primordially used to simulate concrete basic creep
component, based on material parameters that should be derived from a data-fitting procedure to the
experimental creep data. The model allows good adjustments with experimental information
associated to the basic creep [152], however its formulation is not supported in any physical

understanding of creep.

Since its origin, the model received relevant updates, in order to increase creep prediction accuracy
for long-time duration, by considering a transition from a power function for short-time duration to a

logarithmic function for long-time duration.

In Table 12 are presented the original and updated equations of the model. It is also relevant to remark
that over the years the DPL model suffered several updates related with factors that influence the
creep deformation along time, namely: drying creep [154]; temperature effect in basic [155] and

drying creep [156]; and cyclic creep and nonlinearity [157].
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Table 12 - Basic creep compliance evolution of DPL model.

Models Creep compliance
1 m n
Double Power Law[152], [158] J(t'to)zE_"‘%'(to +a)-(t-t,)" Eq.(6.19)
0 0
1 v - "
J(tt)=—+2.In{1+y, (t, " +a) (t-t
Log Double Power Law[158] ( 0) E, E |: ‘//1(0 0{)( 0)}
Eq. (6.20)
1 ¢ _ n
J(tt,))=—+2-(t, "+ t—t,) —B(t,t;;n
Triple Power Law[159] ( 0) E, E, (0 0{)[( 0) ( 0 )}
Eq. (6.21)
Variables:

- @, M, N and & are materials parameters (see references);
- Ey=1.5E 4, is the asymptotic elastic modulus [158];
E .28 is the static elastic modulus of concrete at 28 days of age;

W, and 1y, are constants (see reference [158]);

B(t,t,;n) - binominal integral (see reference [159]).

Care must be taken, as the DPL and its succeeding variants resort to the concept of the asymptotic
modulus E,, and not to the conventional static elastic modulus E . The E, represents the true elastic
instantaneous response of the material, while the conventional elastic modulus E corresponds to a
modulus obtained from compression tests with loading durations of 1 to 5 minutes, that incorporates
the instantaneous and short-time creep response of the material within this time interval [158]. In
Figure 110 is illustrated the concept of E,, that corresponds to the asymptotic value of the creep

curve J(t,t,) vs. log(t—t,), as log(t—t,) — —o or (t—t,) — 0[158].

Jtt,)

log(t,,)

Figure 110 - Creep curve in log-time scale (a - true elastic deformation; b - true creep; a’ -
conventional elastic deformation; b’ — conventional creep) (adapted from [158, Fig. 1]).
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It should be noticed that the original DPL model and its succeeding improvements have revealed

divergence of the creep curves, at least for some time periods [159].

Bazant and Osman [152] expanded the DPL creep compliance model into a Dirichlet series

approximation. The DPL creep compliance expressed by a Dirichlet series takes the form:

(tt)

1 51 Tz,
J(tt,)= + 4l-e Eq. (6.22
L) B 2E m) "o
1 :i+a(n).( 21 .ﬁ.to’m Eq. (6.23)
E.(t) E 0.002) E,
For u<N:
1 7, ) () () s -
=b(n)-| —t— | . .10" WD M Eq. (6.24
E, (t) ") (o.oozj = ’ T 62
For y=N:
1 T, " @, (i _
=1.2-b(n)-| —2— | . 2L .1Q"&D g -m Eq. (6.25
E,(t) " (o.oozj E, i T (62

where E;, a(n), b(n), ¢, m and n are material parameters; E, (to) is the modulus of the
isolated spring of the Kelvin generalized model; E, (to) are the modulus of each Kelvin chain; and

T, are the chosen retardation times.

The retardation time controls the growth of creep strain after stress is imposed; the shorter the
retardation time, the more rapid the creep straining [160]. The retardation times of each Kelvin chain
corresponds to the time after loading for the strain to reach (l—l/e) =63.2% of its equilibrium
value, corresponding to the maximum creep deformation obtained by each Kelvin chain. The

retardation times for each chain are usually selected as z, =10" 7, (u=12,..,N) [128].

Although the DPL model origin goes back to 1976 and several research about creep has been carried
since then, the original model and its variants remain still widely used due to its simplicity and
versatility when compared to the remaining existing models. This model have been successfully

applied to predict the creep compliance of CBM in several research works, e.g. [161]-[164].
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6.5.1.2 Eurocode 2

Another creep prediction model available is the Eurocode 2 (EC2) model, that is part of the design
rules for concrete structures in EU-countries [37]. This model is based on the creep model of 76 Model

Code 1990 [165].

The EC2 creep model, similarly to the MC2010 model, allows the determination of the creep
coefficient function go(t,to). However, the EC2 model does not separate the time-dependent

deformation in the basic and drying creep components.

The model formulation is presented in Table 14. Due to its mathematical expressions, it is possible to
state that creep coefficient presents a limiting value. Additionally, the model lacks theoretical support.

It was also verified that the derived creep curves may violate the nondivergence condition [166].

When comparing the prediction capability of the model in an extensive creep database, a coefficient

of variation equal to 20% was attained [37].
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Table 13 - Creep coefficient function based on EC2 model [37].

Creep coefficient:

(p(t’to) =@, B, (t'to) Eq. (6.26)
Po = Orn - B(Tn)- B (1) Eq. (6.27)
1+ 1-RH /100 for f_<35MPa

01\/_ cm —

Por Tl 1-RH /100 62
1+ o |-a, , for f, >35MPa
o0L3h,
16.8
B(fm)= —\/f_ Eq. (6.29)
B(t,)= ;02 Eq. (6.30)
0.1+ (tO’adj )
t—t 0.3
tt)=| ——2— Eq. (6.31
ﬂc( O) {,BH+t_t0:| g. ( )
15:1+(0012-RH )" |-h,+250<1500 , for f,, <35MPa
B = Eq. (6.32)

1.5-[1+(o.012-RH)18]h0+250a3s1500a3 , for f._>35MPa

07 02 05
a, = E a, = g y Ol = E Eq. (6.33)
' me e me e me * '

hy=2-A//u Eq. (6.34)
Effect of type of cement and curing temperature:
9
toog =tor | ———z +1| >0.5days Eq. (6.35)
2+ (to,T )
N 654000
tr =2 At T Eq. (6.36)

i=1

Parameters definition:

fcm - concrete compressive strength at an age of 28 days, in MPa;
'[0’adj - adjusted age at loading, considering temperature and type of cement, in days;

RH - relative humidity of the ambient environment, in %;

h, - notational size, in mm
ﬂ - cross-section section, in mmg;

U - perimeter of the member in contact with the atmosphere, in mm;

Ati - is the number of days where the temperature T prevails;

T (Ati) - is the average temperature during the time period At , in °C;
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-1, cement type S
a =4 0, cementtypeN ¢ -is a coefficient that depends on the type of cement
1, cement typeR

6.5.1.3 Model Code 2010

The creep model proposed by the Model Code 2010 (MC2010) [30] consists of an update version of
the one described in the CEB-FIP Model Code 1990 [165].

The model intends to describe the creep behavior of concrete by considering separately the effect of
its basic and drying components. The first is considered to be a function of the concrete compressive
strength, while the latter is related with the size and ambient relative humidity. In both parts, the aging

effect of concrete is considered by relating the creep deformation with the loading age t, .

Additionally, the MC2010 creep prediction model also takes into account the temperature history,

cement type and the nonlinear effect of high stress levels.

The model formulation was empirically derived from calibration to laboratory tests. The mathematical
expressions to obtain the creep coefficient function qo(t,to) are presented in Table 14. The creep

compliance can be obtained using Eq. (6.12).
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Table 14 - Creep coefficient function based on MC2010 model [30].

Creep coefficient:

P(tt) =0, (1t + o, (L.t,) Eq. (6.37)
where:
Doe (t, t, ) - basic creep coefficient;
Dye (t, t, ) - drying creep coefficient.
Basic Creep:
Dhoc (t’to)zﬂbc( fcm)'ﬁbc (t1t0) Eq. (6.38)
1.8
Boe (fon) = —=7 Eq. (6.39)
( fcm)
2
30
By (L) =1In (—+0.035J (t—t,)+1 Eq. (6.40)
0,adj
Drying Creep:
Pac (t’to) = B ( fom ) 'ﬂ(RH )'ﬂdc (to)'ﬂdc (t'to) Eq. (6.41)
_RH
B(RH) 100 Eq. (6.42)
3 0_1.&
100
412
B (fen) = W Eq. (6.43)
1
B (to) = 5 Eq. (6.44)
0.1+ (ty o5 )
7(t)
B (L) = _ Eq. (6.45)
‘ By +(t—1))
B, =15-h+250- o <1500- a Eq. (6.46)
35 05
o, = [f—} Eq. (6.47)
7(ty) 1 Eq. (6.48)
o)== Q@arc q. (6.
2.3+ i
\[to,adj
hy=2-A/u Eq. (6.49)
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Effect of temperature and curing temperature:

a

toag =tor %Jrl > 0.5days

2 +(toy-|—

n 65 4000
to,T _ ZAti e 273+T (At;)
i=1

Eq. (6.50)

Eq. (6.51)

Effect of high stress 0.4 f_, (to) < |0'c| <0.6f,, (to) g

o, (L) =0(tt): gtolk--04)

__lo]

’ fcm (tO )

Eq. (6.52)

Eq. (6.53)

Parameters definition:

f - average concrete compressive strength at an age of 28 days, in MPa;

cm

fCm (to) - average concrete compressive strength at the loading age {;, in MPa;

'[0 adj adjusted age at loading, considering temperature and type of cement, in days;

RH - relative humidity of the ambient environment, in %;

h, - notational size, in mm
A: - cross-section section, in mmz;

U - perimeter of the member in contact with the atmosphere, in mm;

Ati - is the number of days where the temperature T prevails;

T (Ati) - is the average temperature during the time period At; , in °C;

O, -concrete stress, in MPa;

-1, strength class 32.5N

a =<0 , strength class 32.5R, 42.5N -is a coefficient that depends on the type of cement

1 , strengthclass42.5R, 52.5N, 52.5R

As result of the mathematical equations, the model considers that the maximum value of the basic

creep component is unlimited, i.e. lim,_, B, (t,t,) =+, while for the drying creep there is a

limiting value lim,_,, B, (t,t,) =1 [167].

The prediction accuracy of the model was tested on a creep test databank, revealing a reasonable

good approximation for the time development of creep up to a loading duration of 50 years, with the

model exhibiting a coefficient of variation equal to 25% [30].

It was also verified that the MC2010 model violates the condition of nondivergence of creep curves

[166].
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6.5.1.4 B3 model

Nowadays, one of the most widespread prediction creep models is the model B3. This model is based
on the solidification theory [141], [142] and microprestress relaxation [143], [144]. It was proposed
by Bazant, and is presented as simpler, more accurate and with higher theoretical support than other
existing models [168]. This model complies with general guidelines formulated by RILEM for creep

and shrinkage prediction models [149], [150].

One of the most important aspects of the solidification theory, and consequently of the B3 model, is
the assumption that the chemical constituents of the cement paste are not aging, and aging effect
observed in the experimental data is a consequence of the volume growth and interlinking of layers
with nonaging viscoelastic properties [128], [141]. Aging creep takes place exclusively in the cement

paste, while the aggregates deform elastically [169].

On the other hand, the microprestress concept is related to the development of tensile stress in the
cement paste microstructure (micropores in hardened cement gel) as result of the volume changes
during the hydration process. The microprestress is originated since the early stages of microstructure
formation and gradually reduces due to relaxation [169]. This relaxation results in long-term aging

creep deformation (viscous flow) of concrete.

According to the solidification theory, the creep deformation is considered as a sum of an aging and
nonaging viscoelastic strains and aging viscous strain (flow) [141], [142], consequently the uniaxial

total strain can be obtained from [141]:
5=£+gcr + &, Eq. (6.54)

+& Eqg. (6.55)

=& cr, f

cr cr,v

in which, o is the applied stress; E, is the asymptotic modulus; o-/E0 is the elastic strain; & is

the creep strain; &, , is the viscoelastic aging and nonaging creep strain component; &, , is the

viscous flow creep strain component; and &, is the sum of hygrothermal strain, drying shrinkage,
autogeneous shrinkage (chemical strain), thermal dilation and eventually cracking strain. For high
stress levels, the relation between stress and both creep strain subcomponents (gcr'v, Eqr ¢ ) becomes

nonlinear.
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The creep compliance function defined according to B3 model [170] is presented in Table 15, and its
application is recommended for structures highly sensitive to creep effects. Alternatively, for structures
of medium sensitivity, a short-form formulation is available in [171]. As can be seen in Table 15, the
creep compliance function is dependent on some constitutive parameters ¢, ..., s, that should be
calibrated from data of short-time creep tests or, in the absence of this information, by using prediction

expressions statistically derived from existing databases. These prediction expressions use as input

the information of the concrete mix and strength.

Table 15 — Creep compliance function based on B3 model [170].

Creep compliance:

J(tty)=0,+Cy(t,t))+Cy (L. 15, 14) Eq. (6.56)
where:
(;, -instantaneous strain due to unit stress;
G, (t, t, ) - compliance function for basic creep;
C, (t, t,. 1, ) compliance function for drying creep.
Instantaneous component:
g, = }{5 Eq. (6.57)
0
Basic creep compliance function:
t
Co(t,t)=0,-Q(t,t;)+0q,-In [1+(t —to)"}+ q, - In(t—) Eq. (6.58)
0
Drying creep compliance function:
.\ \0.5
C, (Lt ) = (eg“(t) —eS‘H(t")) for t>t, Eq. (6.59)
t, = max(ty,t,) Eq. (6.60)
H(t)=1-(1-h)S(t) Eq. (6.61)
05
t-t,
S(t)=tanh Eq. (6.62)
Tsh
7y =k -(k,-D)’ Eq. (6.63)
D=2 \% Eq. (6.64)
k. =8.5-(t, )‘0‘08 (1, )'% [days/cmz] Eq. (6.65)
Parameters prediction based on concrete mix and strength:
0.6x10°
OGh=——" Eq. (6.66)
E c,28
q, =185.4-c**-(f,,) " Eq. (6.67)
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4
O = 0-29'(‘%) 0, Eq. (6.68)
-0.7
q, = 20-3-(%) Eq. (6.69)
Oy =7.57x10° - (f,) " |eg | *° Eq. (6.70)

Parameters definition:

E, - asymptotic modulus;

(, - parameter that characterizes the strain for extremely short load duration;
(, - parameter that characterizes the aging viscoelastic compliance;

0, - parameter that characterizes the nonaging viscoelastic compliance;

Q, - parameter that characterizes the flow compliance;

(s - parameter that characterizes the drying creep;

Q (t,to) - Binomial function that results from the integration of the basic creep compliance rate

aC, (1))
————=, and can be estimated from [170, Ch. 1.71.1];

\% - volume-to-surface ratio;
V% - water-cement ratio, by weight;

% - aggregate-cement ratio, by weight;

&..,. - ultimate shrinkage strain, calculated according to [41, Eq. 1.19] ;

shoo
h - relative humidity of the environment, expressed as a decimal number 0<h< 1
1.00, for an infinite slab

1.15, for an infinite cylinder
k, =<1.25, for an infinite square prism » -is a cross-section shape factor
1.30, for a sphere

1.55, for a cube

The B3 model also provides guidance for considering the parameters statistical uncertainties [170].
Additionally, the model also presents formulation to consider the effects of temperature [172], cyclic
loading and environmental humidity variation [173], and nonlinear dependence of creep on stress

[141].

When compared to other creep prediction models, the B3 model presents some improvements,

namely [141], [142]:
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- The fact that the material viscoelastic properties are age independent agrees with the
thermodynamics laws, which can only be formulated for materials that have constant

properties with time;

- When the model formulation is expanded to a Dirichlet series (which concept is presented in
section 6.6), its coefficients (spring moduli and dashpot viscosities) are always nonnegative

and nondecreasing positive functions with time, complying with the laws of thermodynamics;

- The model formulation grants the nondivergence of creep curves at constant stress for

different loading ages;

- Due to the nondivergence property, the application of superposition principle to simulate the

creep recovery after unloading yields in monotonic creep recovery curves;

- Consideration of the nonlinear relation between stress and creep deformation, by relating the
creep rate as a function of the stress level. This method has a better agreement with existing
experimental data to describe the nonlinear response of creep, related with the creep rate

increase for high stress levels and also the for creep recovery after unloading.

6.5.1.5 B4 model

More recently, an update of the B3 model was proposed [174], [175]. The improvements of the creep
model, named B4 model, were driven by the need to improve the long-term creep prediction capability,
as an analysis of the midspan deflection of 69 large-span prestressed bridges revealed that the existing
codes and models exhibit significant underestimation of long-term creep [175], [176]. Additionally,
the B4 model also includes the effect of modern concrete compositions on creep (different types of

cement, admixtures and aggregates) [175].

Compared to the B3 model and pertaining the creep behavior of concrete, the B4 model consists on
the refinement of the prediction parameters (q,,..., g ) that associate creep dependence on strength
and mix composition. In this context, two sets of parameters predictors are proposed, being based on
(i) mix composition and (i) strength. While the former is aimed to be used in detailed creep analysis,
the latter is mainly focused to be applied in the design process, or when the mix composition

information is absent or unknown [176].
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The prediction parameters were calibrated resorting to an extensive statistical optimization of an
extended database of laboratory and multi-decade structural observations of the 69 bridges [176]. The
two sets of expressions proposed to obtain the prediction parameters of the B4 model are presented
in Table 16. The instantaneous and basic creep compliance function components are equal to the
ones proposed in the B3 model (Table 15), while the drying creep has some slightly differences (only
changes are presented in Table 16). In [175] is also presented the methodology to include the effect

of temperature on basic and drying creep.

Table 16 — Creep compliance function based on B4 model [175].
Instantaneous component:

Py
=— " Eq. (6.71)
ql E (t = 28days) R
Drying creep compliance function:
. 05
Cy (L t,,t,) = G5 (epS'H("‘“)—epS'H(t“'t“)j for t, >t, Eq. (6.72)
t—t,
H(t,t,)=1-(1-h)-tanh Eq. (6.73)
T
Ty =T ( Lj Eq. (6.74)
sh 0’ ra 1 g. {o.
Parameters prediction based on mix proportions:
Paw
P, (%
=— — Eqg. (6.75
%~ GPa 0.38j % (679
% P3a ( V% JpSW
=P;-0,| = . Eq. (6.76
0; = P;-Q, (6 038 g. (6.76)
p4 % Paa ( Wc Jpzlw
=—:| = | = Eq. (6.77
%~ 1GPa (6 0.38 & (677
p5 % Pee ( Wc jpSW k Ps.
. & t Eqg. (6.78
0s 1GPa[6j 038 ‘h shoo(d) q. (6.78)

[%jpza ( WC jprw (6.5~ijm
To=Teem'| = | : Eq. (6.79)
6 0.38 P

Parameters prediction based on strength mix:

s, fc28 2
% = 1GPa (4OMPaJ e (6.80)
ﬁ S3f
0; =5;-0,- {EJ Eq. (6.81)
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Sat

s %

=—4 . c Eq. (6.82
%= 1GPa | 20MPa (682

35 ﬁ SSf p5z:
- : c Jk -, (t Eq. (6.83
%=1ora | ompa | e () %683

? Srf

=71, -days| —— Eq. (6.84
0 s,cem y 40MPa qg. )

Parameters definition:

(, - parameter that characterizes the strain for extremely short load duration;

0, - parameter that characterizes the aging viscoelastic compliance;

(, - parameter that characterizes the nonaging viscoelastic compliance;

(, - parameter that characterizes the flow compliance;

(5 - parameter that characterizes the drying creep;

P,,..., P - cement type dependent factor, that can be taken from (see Appendix F);

S,,...; S5 - cement type dependent factor, that can be taken from (see Appendix F);

S.; -cement type dependent factor, that can be taken from (see Appendix F);

Tcem ' p‘r ' Ts,cem '

K . - aggregate type dependent correction factor, that can be taken from (see Appendix F);

7a
1-h® h<0.98
h= - humidity dependence correction factor;

12.94(1-h)-02 0.98<h<1
V% - water-cement ratio, by weight;
% - aggregate-cement ratio, by weight;

C - cement content(kg/m3) ;

h - relative humidity of the environment, expressed as a decimal number 0<h< 1.

O - mass density of concrete, in kg/ms;

Eghoo (td ) - ultimate shrinkage strain, calculated according to Eq. (F.1) from (see Appendix F).

According to [166], the B4 model outputs the most accurate creep predictions when applied to the
Northwestern University creep database, compared to the B3 model and MC2010, amongst other
models. Other studies [138], [177], [178], also pointed to the increased performance of the models

based on the solidification-microprestress theory.

166



Advanced tools for design and analysis of fiber reinforced concrete structures

6.5.2 Proposed model

As previously stated, the DPL model is capable of producing adequate prediction of the basic creep
component of CBM. In this work is presented a basic creep model based on the Dirichlet series
expansion of the DPL model [152], capable of predicting the aging creep behavior of CBM since early

age.

The proposed model, henceforward referred as ACC (aging creep compliance) model, formulates the

creep compliance in view of the elements of the Kelvin chain according to the following expressions:

Es (tO) u=l

RS P S [1oe ™ Eq. (6.85)
- Eu(to)

1 b ( 7, ] Py _1Ony-(y—1)_t0—mu,for#<N Eq. (6.86)

E,(t)  “0002) E[(t)
1 Y

—12-b, | —2— | 2 _1™ Vg™ foru=N  Eq.(6.87
E,(b) " (o.oozj E. (i) o™, for u q. (6.87)

where b, n,, ¢, and m, are the defining coefficients of the model, which are calibrated from the
experimental creep test data; N is the number of Kelvin chains; T, is the retardation time of the
,u‘h Kelvin chain; E (to) is the modulus of the isolated spring of the Kelvin generalized model, and

E, (t,) are the modulus of each Kelvin chain.

While in the original model [152], the defining coefficients are fixed for all Kelvin chains, the present
model uses a different values for these coefficients in each Kelvin chain. The expression to compute
the modulus of the isolated spring of the Kelvin generalized model E (to) is different than the

proposed in the original model. Its value is determined with the following expression:

E,(t,)=4-E(t,) Eq. (6.88)

where E (to) corresponds to the Young Modulus of the material evaluated at the loading age t, and

A is the scaling factor (1 >1.0).

To determine the defining coefficients of the ACC model Y= [bﬂ n, o, my], u=1..,N, a

nonlinear least square method (NLSM) is applied to the experimental creep compliance curves. This
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fitting procedure considers the following input data: number of Kelvin chains N , the retardation times

z,,, the Young's modulus E (t, ), and the scaling factor, 4.

The number of Kelvin chains should be adequately selected, so that their corresponding retardation
times cover the entire scale of simulation [128]. It is further noted that, according to [128], is advisable

that the retardation times are uniformly spread over the logarithmic time scale.

The objective function of the NLSM takes the following form:

(J (titer) —3(tt, )p) Eq. (6.89)

where L is the total number of experimental creep compliance functions to be fitted; M is the

number of discrete points considered for fitting each creep function (from experimental data);
J (tj’i o )exp are the experimental values of the creep compliance corresponding to the loading age

t,; for each time step t;;; J (t“ o )num are the creep compliance estimated values determined

according to Eq. (6.85)-Eq. (6.87). The meaning of variables L and M, is exemplified in Figure 111

as illustrative case. The number of discrete points, M, , should be the enough to accurately capture

the trend of each creep function. The coefficients of the model can be obtained through the

minimization of the following the expression:

o _
% Eq. (6.90)
z/_/:[bﬂ n, o, mﬂ], u=1..N
1401
M:lo,%:8,%:7 /.‘___.___-o
’./”‘”- \](t,toyz)
,/,,' ’,o"“—::_——-o
I’, ,,/’ ’ra’.’ \](t,tog)
i v s
LT
tO,l tO,ZtO,S t

Figure 111 — Example of three creep functions ( L = 3) to be fitted, where each function is defined
by different number of points: M;=10; M,=8; Ms=7.
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The ACC model performance was appraised in the research carried out in [179], [180], regarding its
application for predicting, since early age, the creep behavior of concrete samples (t, >9h) and
epoxy adhesive (t, >1day). As can be seen in Figure 112 and Figure 113, the model yielded
satisfactory results. In [179] it was also verified that the ACC model inherited the handicap of its source

model (DPL) related to the violation of the nondivergence condition.

%107
r

—J(t,0.41)predicted
---J(t,2.34)predicted n
- = -J(t,3.38)predicted
- - -J(t,7.59)predicted
---J(t,0.41)experimental

1+

0.8 —J(t,2.34)experimental|
—J(t,3.38)experimental
—J(t,7.59)experimental
=06 -
-
=
S
0.4 -
0.2 ' i .

b
10°
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Figure 112 - Estimation of the creep function using the ACC model based on the experimental
results of concrete samples (extracted from [179]).
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Figure 113 - Estimation of the creep function using the ACC model based on the experimental

results of epoxy samples (extracted from [179]).

Additionally, the performance of the ACC model has also been appraised in another two sets of
experimental creep data extracted from the Northwestern University data bank. In Figure 114 and
Figure 115 it is possible to verify that the ACC model captures adequately the evolution of the creep

compliance with the load duration and loading age of these two sets of creep tests.
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Figure 114 - Estimation of the creep function using the ACC model based on the experimental
results [181] of concrete samples.
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Figure 115 - Estimation of the creep function using the ACC model based on the experimental

results [182] of concrete samples.

Furthermore, a comparison between the evolution of basic creep with time duration and loading age
of the ACC and B4 models is performed. The creep compliance curves of the B4 model was
determined considering the following sets of parameters: i) parameters prediction based on concrete
strength; ii) cement type R; ii) E (t =28days)=24.87GPa;iv) m=0.5;v) n=0.1;vi) % =0.6
Vi) ¥ =T ; vii) F = 28MPa. The defining coefficients of the ACC model were determined by a
NLSM to fit the B4 model creep curves, considering the following parameters: i)
E(t=3days)=27.7GPa; ii)E(t=7days)=30.8GPa; iil) E(t=28days)=34.0GPa; )
E (t =200days) =36.2GPa; v) E(t=2000days)=37.1GPa; vi) A=1.75; vi) N =10; viii)
7 =1x1073; ix) 7, =z-1-10”‘1. As can be seen in Figure 116, the ACC model reveals a good

agreement with the B4 model particularly for short and medium-term time duration. However, for long-
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term creep estimation, the ACC model exhibits a deviation from the B4 creep curves. This shortcoming
of the model is related with the different mathematical formulation of the models. For long-term
duration the B4 model approaches a logarithmic function, while the ACC model, that is based on the

original DPL model, uses power curves for all time durations.

x107*
r T L I §
J(t,3) B4 model
J(t,7) B4 model
J(t,28) B4 model
J(£,200) B4 model
---J(t,2000) B4 model
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J(t,28) ACC model
J(£,200) ACC model
—J(t,2000) ACC model

J(t,t0)

10° 10" 102 10° 104 10° 10°
Time (days)

0.5 Ll ]

Figure 116 — Comparison between ACC and B4 models creep curves.

6.6 Numerical implementation for structural analysis

Different computational approaches exist for the analysis of the time-dependent deformation of
structures, namely [123], [136]: (i) one-step approximate solution using the effective modulus method;
(ii) one-step approximate solution using the age-adjusted effective modulus method; (iii) step-by-step
solution according to the integral-type creep law based on the principle of superposition; (iv) step-by-
step solution according to a rate-type creep law based on the Kelvin or Maxwell chain rheological
models. Preferentially, for more advanced and complex analysis, the choice for a method usually

resorts to the (iii) integral-type or (iv) rate-type creep law.

The analysis of structural effects of time-dependent behavior of a CBM structure submitted to varying
stress histories is based on the resolution of the integral stress-strain relationship based on the
superposition principle (Eq. (6.5)). However, the adoption of this type of formulation results in the
need to store the complete history of stress and strains during the numerical simulations, resulting in
highly time and resource consuming computational tasks, particularly in the analysis of large
structures with finite element method (FEM) [122], [131]. On the other hand, the computation process

can be more efficient, if the integral-type relationship is converted into a rate-type relation, with the
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additional advantage that the latter approach is more adequate for the consideration of the drying

effects (varying pore humidity and temperature) on creep and aging [130], [136].

To achieve this purpose, Eq. (6.5) can be converted to a system of differential equations (rate-type
creep law) when the kernel J (t,to) assumes the degenerated form, which consists of a sum of
products of functions of t and t,, called Dirichlet series (or Prony series). The degenerated kernel

has the form [130], [183]:

(t-t)

1 N 1 ;
= 1- “ Eqg. (6.91
Mg 2E )| o0

u=l =y

where E(t,) and E, (t,) are coefficients dependent of the loading age t,, both with units of elastic
moduli; T, are constants called retardation times; g is the number of series; and N is the total
number of series. An approximation of a creep function based on Dirichlet series is illustrated in Figure

117.

y | AN I Sy BP,

0 01 10 10 Fogt) ° [ E € * log(t-t,)

Figure 117 - Dirichlet series approximation of the creep function. a) curve of a single exponential in
log-time; b) decomposition of the creep function (adapted from [128, Fig. 2.7]).

In fact, the conversion of an integral-type creep law to a rate-type creep law based on expressing the
creep compliance as a Dirichlet series, results into a differential equation that can be interpreted as a
Kelvin Generalized rheological model, formed by springs and dashpots (Figure 118) [183], [184]. In

Eq. (6.91) and Figure 118, E (to) is the modulus that influences the instantaneous response of the
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creep function, while E, (to) are the moduli of each series (Kelvin chains). More information about

the particular behavior of the Kelvin chain model components can be found in [126], [127], [185].

M4 n,
S0 E,(t,) E,(t,)

Figure 118 - Kelvin generalized model.

Upon insertion of the Dirichlet series expansion (Eq. (6.91)) and considering that

do(t
do(t,)= MdtO =6 (t,)dt,, Eq. (6.5) results in [183]:

0
g(t):j L +ZN: 1 -1—e_(t:0) -6 (t))dt, +5(t)  Eq.(6.92)
o| Es(b) 52 E,(t)

u=l =y

Rearranging Eq. (6.92), leads to:

o1 &1 N
R S I T
with:
L 1
£, (t)=e ™ !efﬂ m-ci(to)dt0 Eq. (6.94)

where g; (t) may be considered as a hidden state variable that represents the past history.

The time t can be subdivided into F discrete times t,, t, ..., t-, with time steps given by
At, =t, —t,_, . By consideringthat & (t,) and E,, (t,) remain constant within each time step At, ,

but allowing it to change discontinuously in each discrete time t, , Eq. (6.94) can take the form [183]:

[ e Eq. (6.95)

with t <t’ <t

st — st — “st+1?

[183]:

using a generalized midpoint rule. Eq. (6.95) can be exactly integrated, yielding
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t

T -Aa(tst)

h tst _ Aty
“(t)=e ™. fl-e | Eq. (6.96
Eu(n) € ;:1 { e JAtst-E#(t;) a. ( )

Based on Eq. (6.96), a recurrent formula can be defined to express the hidden state variable value at

time t,, based on its value in the preceding time step t_,, which surpasses the need to store the

n-17

hidden variable value at each time step, namely [183]:
. -~ | 7, Ac(t, . o
gy(tn)—Ll—e ‘ J-”_—((t))wﬂ(tnl)-e “ou=1..N  Eq (6.97)
y7

Eq. (6.97) evidences that in order to determine the value of the hidden variable of each Kelvin chain
g; (tn) for the time t_, there is only the need to know (or store) its value from the preceding time
step g; (tn_l) . This procedure is optimal for implementation in FEM software for the analysis of creep

problems of large structures.

The initial value of the state variable is determined from the expression:

&, (t)= Eq. (6.98)

Based on Eq. (6.93), it is possible to derive the total incremental strain Ag(tn) in each time step

At, [183]:

Ae(t,) { s(*)+ZEﬂ(t )] ZAg )+Ag(t,)  Eq.(6.99)

with t  <t” <t , using a generalized midpoint rule.

The incremental value of the state variable A&‘; (tn) can be expressed by:

-2 7, -Ac(t,) -4
Ag (t)=¢ (t)-g (t )=|1-e ™ | A —T 4" (t ,)|e ™ -1
gﬂ(n) 8#(”) gﬂ(nfl) Atn-Eﬂ(t:) gﬂ(nfl)

Eq. (6.100)

By introducing Eq. (6.100) into Eq. (6.99) leads to:
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g Eg. (6.101)

By arranging Eq. (6.101), a fictitious linear elastic stress-strain law can be obtained [183]:

_ A_a(tn)

E(t)

Ae(t,) +Ag(t,)+Ag(t,) Eq. (6.102)
in which E(tn) represents a pseudo-instantaneous elastic modulus (Eq. (6.103)), and Ag(tn)

represents a pseudo-inelastic strain increment (Eq. (6.104)) [183].

aty

1 1 N T
Z J1-{1—-e ™ |.—& Eq. (6.103

n

_ N e

Ae(t)=D e, (tnl)-(l—e } Eq. (6.104)
u=1

For the numerical implementation of the material stress-strain constitutive relation into FEM software

(based on displacement method) it is customary to explicitly derive the stress increment as a function

of the strain increment. Considering this, Eq. (6.102) can take the form:

Ac(t,)=E(t,)]| As(t,)-As(t,)-Ag(t,)] Eq. (6.105)

Considering that E(tn)z—E(tn)Ag(tn), Eqg. (6.105) can be rewritten as:

Ac(t,)=E(t,)-[As(t,)-Ag (t,) |+o(t,) Eq. (6.106)

The multiaxial generalization of the problem can be obtained by introducing the matrix C that relates

the stress and strains components of the material. Conversely, in the previous equations Eq. (6.93)-
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Eqg. (6.106) the strain and stress variables represent vectors, and the stress vector must be coupled

to the dimensionless compliance matrix C . Introducing the matrix C in Eq. (6.102) leads to:

Ag(tn):——”)mg(tn) Eq. (6.107)

Assuming that the matrix D :Q‘l, the multiaxial generalization of Eq. (6.106) and Eq. (6.97) take

the form:
Ac(t,)=E(t,)D[As(t,)-Asg (t,) ]+ o(t,) Eq. (6.108)
At, At,
. - 7,CAc(t,) . -
t)=|1-e * |[L—24+g (t .)e ™ Eq. (6.109
£,(t,) [ }AtnEﬂ(t:) €, (t) g. (6.109)

with o (t,)=-E(t,)As(t,).

For the tridimensional case, the compliance matrix C is given by [186]:

1 v —v 0 0 0
v 1 -v 0 0 0
-v —v 1 0 0 0
=10 0 0 2(1+0) O 0 e (6110
0 0 0 0 21+v) 0
0 0 0 0 0 2(l+v)

In order to perform accurate numerical simulations of creep sensitive structures, it is necessary to
adopt a creep compliance prediction model that can simulate the aging effect of CBM. As presented
in Eq. (6.103), in every time step At, itis necessary to supply the moduli of each Kelvin chain E# (t;)
for £=1,..,N and E, (t:) . This can be performed via the creep compliance prediction models, as
the ones presented in section 6.5, that can return J (tj t:) with t, 2 t: . In the absence of analytical
expressions, the evaluation of the Kelvin chains modulus can be performed with a nonnegative least-
square method [187], [188], where the moduli E# (t:) of each chain are determined, given that the

appropriate retardation times T, are provided, similarly to the procedure described in section 6.5.2.
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6.7 Coupling of creep and thermo-mechanical models

In this section is presented the formulation for the coupling of the creep model with a thermo-

mechanical model for simulation of CBM elements and structures.

The mechanical model corresponds to the 3D multidirectional fixed smeared crack model capable of
simulating the crack initiation and propagation in structures that are discretized with solid finite
element. The formulation of the model is presented in [189], [190] and is based on the decomposition
of strain components for the cracked concrete, namely in the cracks ¢___ and concrete between

cracks &,, [191]-[193].

£(1) = £eo (1) + £ereo (1) Eq. (6.111)

The uncracked concrete strain component, &

co’

can be further decomposed, which incorporates the

elastic, creep, shrinkage and thermal deformation contribution, namely:

§m(t) §0(t)

o (t) = Eins (t0)+§cr (t) T &g (t)+§-|- (t) Eq. (6.112)

where g,.., £,, &, and g; are the elastic, creep, shrinkage and thermal strain vectors. The sum

of the elastic and creep components is designated as mechanical strain g, (t) and the sum of

shrinkage and thermal components is designated as stress-independent strain &, (t) [128], [190].

The formulation presented in previous section has been devoted to determine the stress-strain
relationship of uncracked part of a cracked CBM. Introducing the incremental form of Eq. (6.111) in
Eqg. (6.108), results in the constitutive law of the cracked cement based materials coupled with the

remaining time-dependent deformations (creep, shrinkage and temperature variations), namely:
Ac(t,)=E(t,)D[ As(t,) - Agy (t,) - £ (t,) ]+ o (t,) Eq. (6.113)

Regarding the multidirectional fixed smeared crack concept, for a three-dimensional case, at the crack
plane (local axis) it is considered that the incremental strain vector has three components regarding

the displacements smeared out in the cracks (Figure 119), namely [189], [190]:

Mg =[De, Ary Ayg] Eq. (6.114)
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where Ag, is the incremental strain related with the opening displacement w; Ay, and Ay,, are
the incremental strains related with the sliding displacements s, and s,, inthe t, and t, directions,

respectively.

= crack plane

\\

— —
X X

,.\' ’.\‘
1 1

Figure 119 - Displacement, stress components and local coordinate system of a crack.
In the global coordinate system the incremental strain vector Ag,, is defined by [190]:

A&l

crk

2
crk A‘gcrk crk crk

Az, =[ Al AYE ayd A2 Eq. (6.115)

The local and global incremental strain vectors are related by:

Eq. (6.116)

Zcrk

Aécrk = [Icrk ]T Agl

where T ., is the matrix that transforms the strain and stress components from the global coordinate
system to the local crack coordinate system, and its components can be obtained according to the

formulation presented in [190], [194].

Regarding the incremental stress vector at the crack plane Ao, itis defined by [190]:

—crk ?

Ao, =[Ach, Ak A2 Eq. (6.117)

where Aoy, is the mode | incremental crack normal stress, related with the crack opening mode;

Az_tl

L and Azl are the sliding mode incremental crack shear stress in t, and t, directions,

respectively.

The incremental stress vector in the global coordinate system Ao is defined by [190]:
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Ac=[Ac" Ac® Ac® ATP ATT AT Eq. (6.118)

The local and global incremental stress vectors are related by [190]:

Aot =T Ao Eq. (6.119)

At the crack, the relationship between the incremental stress and strain vectors is given by [190]:

Aty = DonAeey Eq. (6.120)

where D_, is the crack constitutive matrix that incorporates the fracture mode | stiffness modulus,

crk

D?. and the sliding stiffness modulus according to t, and t, directions, D% and D .

Incorporating Eq. (6.113) in Eq. (6.119) yields in [190]:
Ag::rk :Icr I:E(tn )D[Ag(tn)_Ago (tn)_‘gcrk (tn ):|+E(tn ):I Eq (6121)

Further incorporation of Eq. (6.116) and Eq. (6.120) in Eq. (6.121) results in [190]:

T . |E(t)D[As(t )=Ag, (t )]+o(t
Ag'crk(tn);”k[ t)loe(t) §°(“)]T+G(”)] Eq. (6.122)
Dcrk +Icrk E (tn )Q [Icrk ]

The incorporation of Eq. (6.122) in Eq. (6.116) returns the crack incremental strain in the global

coordinate system [190]:

T [E(t,)D[Ae(t,) -, (t,)]+ o (4]

Aé‘crk = [T oy T
Dcrk + Icrk E (tn )D [Icrk ]

—crk

Eq. (6.123)

The inclusion of Eq. (6.123) in Eq. (6.113) completes the relationship between the incremental stress

and strain of cracked CBM considering the time-dependent deformation, namely [190]:

Ag(tn):[l— E(t)O[L] T ]-[E(tn)Q[Ag(tn)—Ago(tn)]+g(tn)] Eq. (6.124)

D + T E (tn ) D [Icrk ]T -

—crk —crk

where | is the identity matrix. In order to resolve Eq. (6.124) a nonlinear transient analysis must be
performed, since the strain components are time dependent. The computational strategy adopted in

FEMIX for the resolution of this type of problems is presented in [190], [195].
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For the evaluation of the incremental stress-independent strain, Ag, (t, ), it is necessary to consider

the incremental thermal and shrinkage strains.

The incremental shrinkage strain Ag, (tn) is computed from the existing concrete shrinkage models.

The Eurocode 2 [37] and B3 [168] shrinkage models are available in FEMIX.

The incremental thermal strain Ag; (tn) is computed from the temperature field the structure is
submitted at a certain instant t, by adopting a thermal model (e.g. [190]). The thermal model allows
the simulation of heat transfer in structures by conduction, convection and radiation. The
implementation of the heat transfer model to the finite element method formulation is presented in
[190], [195]. In addition, the model allows the consideration of the heat development during the

hydration process of cement based materials using the Arrhenius law [195], [196].

For the evolution of the concrete Young's modulus, compressive strength and tensile strength can be
adopted the recommendations proposed in Eurocode 2 [37], while for the fracture energy the
estimation proposed in [195] can be taken, while no more reliable approach is available from

experimental evidence.

6.8 Implementation of ACC model in FEMIX

Due to the potentialities demonstrated by the ACC model to simulate the aging creep behavior of CBM,

this model was implemented in FEMIX for the simulation of the creep behavior of CBM structures.
The main routines of the model are:

- Read discrete creep compliance curves determined for distinct loading ages;
- Determine the model’s defining coefficients based on optimization technique;
- Estimate the creep compliance J (t,tO )num and the moduli of each Kelvin chain E# (to) for

all the loading ages t, considered.

Following the nomenclature adopted for the material models used in FEMIX, all data and code routines

related to the ACC model incorporates the acronym NLMM174.

In order to use the model in FEMIX is necessary the following input data:
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Name of the NLMM174 material model;

Number, L, and name of files containing the discrete values of the creep compliance to be

fitted by the model. Each file contains the following data:
o Loadingage t;;
o Modulus of elasticity at the loading age E, (to) ;
o Number of discrete points for fitting each creep function at the loading age M ;

o Set of points of the creep compliance J (t,t0 )exp corresponding to the loading age

t, for each time step t; ;;

Number of Kelvin chains N ;

Retardation times of each Kelvin chain T, U =1,..,N;

Scaling factor 4.

When analyzing a structure it is possible to consider different creep behavior for the CBM material
adopted in different structural elements by defining different NLMM174 material models to the finite

elements that discretize the structural elements.

The fitting procedures implemented in FEMIX resorts to the nonlinear least squares fitting routine
MPFIT [109] for the determination of defining coefficients of each NLMM174 material model. In the
fitting routine, the model derivatives &J (t,to)/ay/ are numerically approximated using the finite
differences technique that is available in MPFIT. In order to guarantee the output of always positive
Kelvin chain moduli E, (to) during the fitting procedure, the allowed solutions for the parameters bﬂ

and ¢, , are constrainedto b, ¢, , :|:1X10—16;+OO|:.

After determination of the defining coefficients, it is possible to simulate the creep of CBM materials
with the remaining thermo-mechanical model according to the formulation presented in the previous
section. For the resolution of Eq. (6.124) during the nonlinear transient analysis of the structure, at
each time step the value of E(tn) is determined by using Eq. (6.103), considering that
t.=(t,+t,,)/2. The value of E, (t:) is determined from Eq. (6.88), with the possibility of
considering the evolution of the Young's modulus at each t: by adopting the maturity model of

Eurocode 2 [37] that is implemented in FEMIX under the acronym NLMM173. The value of Eﬂ (t:)
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is determined from Eq. (6.86) and Eq. (6.87) for each Kelvin chain #=1, ..., N using the defining
coefficients of each NLMM174 model derived during the fitting procedure.

6.8.1 Numerical examples

6.8.1.1 Concrete sample under compressive creep test

The performance of the creep prediction model is appraised by performing the numerical simulation
of creep compression tests of a concrete specimen and by comparing the numerical results of the
deformation of the specimen with the experimental results. The experimental campaign was developed
under the FCT project EXPL/ECM-EST/1323/2013 whose detailed description is presented in [197].
Concisely, the experimental program consisted in the casting of concrete cylinders with 150mm of
diameter and 300mm of height. The specimens were tested in a creep testing rig, and the applied
load was monitored with 100kN load cells. The specimens were internally monitored with vibrating-
wire strain gauges to measure the longitudinal strains and temperature at the concrete core. The
experimental program also included the assessment of the evolution of the concrete Young's modulus

since early age, by resorting to the EMM-ARM test setup [197].

In Figure 120 is presented the creep compliance curves, J (t,to) , determined by fitting the
parameters of the NLMM174 creep model to the experimental creep compliance functions, according
to the fitting procedure implemented in FEMIX. The estimated creep functions were obtained
considering 5 Kelvin chains with the retardation times 7 = {0.001;0.01;0.1;1,10} days, the Young's
modulus E, (t, =0.41days) =15184MPa, E, (t, = 2.34 days) = 33044MPa,
E, (t, =3.38days) =34692MPa and E,(t, =7.59 days) =37695MPa, and a factor 1 =1.5.
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Figure 120 — Comparison between estimated and experimental creep compliance curves of concrete

studied in [197].
The numerical simulation of the creep test is performed by assuming a representative 20-node solid
element, with 1x1x1 Gauss Legendre integration scheme, submitted to the stress history recorded
during the creep tests. In Figure 121 is presented the load history of one specimen of the experimental

program, which was considered in the numerical simulation.
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Figure 121 - Load history of concrete specimen [197].

In Figure 122 is presented the longitudinal strain determined numerically and deformation registered
experimentally resorting to the vibrating-wire strain gauges after removing the shrinkage and thermal

deformation of the specimen. As can be seen, there is a good agreement between the numerical and
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experimental results, which highlight the potentiality of the NLMM174 model to simulate the aging

basic creep behavior of CBM structures since early ages.
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Figure 122 - Experimental and numerical model comparison of the longitudinal strain of the
concrete specimen submitted to the creep test.

6.8.1.2 Reinforced concrete beam under flexure creep test

In the following numerical application, the performance of the creep prediction model is assessed by
conducting a numerical simulation of a flexurally reinforced concrete beam submitted to bending up
to a period of about two years. The total deformation obtained in the numerical simulation is compared
with the experimental results of the beam with the reference CB-59 of experimental campaign

conducted in [198].

The geometry, reinforcements, and test setup are presented in Figure 123. The beam is longitudinally
reinforced with two @10 steel bars as tensile reinforcement and two @6 steel bars as compressive
reinforcement. Transverse reinforcements are also adopted in the form of steel stirrups placed in the
entire length of the beam with a spacing of 75mm. The material properties of the steel reinforcements

were assessed in [198] and are presented in Table 17.
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Figure 123 — Beam geometry, reinforcement, support and loading configuration (dimensions in mm)
[198].
Table 17 — Properties of the steel reinforcements [198].
, Yield strength Modulus of
Type of reinforcement -
[MPa] elasticity [GPa]

Tensile longitudinal reinforcement 520 194

Compressive longitudinal reinforcement 525 183

Transverse reinforcement 212 200

According to [198] the concrete used to cast the beam had a cement content of 394kg/m: (ordinary
Portland cement), a water-cement ratio of 0.53 and an aggregate-cement ratio of 4.56. The concrete
cube’s compressive strength at 28 days of age was found to be about 40MPa, and the measured
Young's modulus at 28 days of age was equal to 27.2GPa, with the flexural tensile strength of 4.67MPa
[198].

After casting, the beam was stored in the laboratory, staying covered with wet gunny sacks for 7 days
after casting. The beam was loaded 28 days after casting, according to the test setup presented in
Figure 123b. The loads were applied using concrete blocks and steel plates at four points along the
beam span (1800mm). The total applied load is equal to 15.8kN ( F = 3.95kN ), which corresponds

to a load level equal to 59% of the computed ultimate flexural capacity of the beam [198].

The midspan deflection of the beam was taken as the average of two dial gauges placed in a fixed

reference frame, with the readings being regularly recorded up to a period of about two years [198].

In order to perform the numerical simulation of the creep flexural test, a finite element model of the
concrete beam was formed with 20-node solid elements and the steel reinforcements were discretized
by 3-node linear elements. For the solid elements a 2x2x2 Gauss Legendre integration scheme was
adopted, while for the steel linear elements were adopted 2 integration points with the Gauss Legendre

integration technique. Due to the symmetry of the beam, only half-length of the beam is simulated. A
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total of 1008 solid elements and 224 linear elements are used to simulate the reinforced concrete

beam. The lateral view of the finite element mesh is presented in Figure 124.

| 225 | 450 |
x3
L x1 F F \<

Nodes

with null
displacement
in the x1
direction

Nodes with null displacement in the x3 direction
100 900

Figure 124 - Finite element mesh: line elements in blue line; solid elements in black line; supports
in red circles (dimensions in mm).

For the simulation of the concrete aging creep behavior is adopted the NLMM174 model, as previously
presented. Due to the inexistence of creep compliance curves for the concrete mixture studied in
[198], the B4 model is employed to predict the creep behavior of the concrete, based on its mix
proportions (vide section 6.5.1.5). The creep compliance curves are then considered to determine the
ACC model coefficients that are used in the NLMM174 model. In Figure 125 is presented the creep
compliance curves J (t,t,) for four loading ages (t, ={21,28,56,120} days ), determined by the
B4 model and by the NLMM174 creep model. The estimated NLMM174 creep functions were

obtained considering 7 Kelvin chains with the retardation times
7 ={0.001;0.01;0.1;1;10;100;1000} days,, the Young's modulus
E, (t, = 21days) = 26949MPa, E, (t, = 28 days) = 27200MPa,

E, (t, =56 days) = 27682MPa and E, (t, =120 days) = 28057MPa, and a factor A =1.0.
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Figure 125 — Comparison between the creep compliance curves obtained by the B4 model and by
the NLMM174 model for the concrete studied in [198].

In addition, the creep model is combined with the 3D multidirectional fixed smeared crack model
[189] to simulate the nonlinear behavior of concrete in tension. The smeared crack model considers
the post-cracking residual strength of the concrete by adopting the trilinear diagram presented in
Figure 126. The concrete tensile strength was calculated with the expression that relates the flexural
tensile strength and the tensile strength proposed in MC2010 (Eq. (6.125) with h, =100mm), and
the concrete post-cracking diagram and value of fracture energy were also determined according to
the models proposed by MC2010 for plain concrete [30]. For the employment of the smeared crack
model was adopted a crack bandwidth equal to the cubic root of the integration points volume. For
the shear stress-strain relationship was adopted the concept of shear retention [190], considering a

cubic degradation of the fracture mode Il modulus with the increase of crack normal strain.

For the compressive behavior of concrete, considering the relatively small load level that the beam is
submitted, is considered in linear-elastic stage. For the same reason, it was also admitted a linear-
elastic response to simulate the steel reinforcements elements, assuming E, = 200GPa and

v=0.30.

The concrete shrinkage deformation is not considered, as this phenomenon is particularly relevant for
the analysis of early age problems, and for the loading age adopted in the creep test (t, = 28days ),

it is expected to have a minor impact in the obtained results.
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Figure 126 - Trilinear tensile-softening diagram.
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In order to assess the instantaneous deformation of the beam, to evaluate the stress level on the steel
reinforcement elements and determine the initial cracking status of the concrete beam, a static
analysis was conducted considering the self-weight of the beam and the loads applied during the creep
test. The latter are simulated as line loads applied along the width of the beam’s cross section, with a

value of F =39.5N /mm.

In Figure 127 is displayed the vertical displacement of the beam obtained from the static analysis of
the numerical model. The instantaneous midspan deflection reported in [198] was about 6.70mm,
which was about A;  =1.11mm higher than the maximum vertical displacement obtained in the
numerical simulation (o =5.59mm). The discrepancy between the experimental and numerical
results can be justified by the apparatus used to register the beam deformation during the
experimental campaign, which does not register the deformation of the beam’s reaction structure, as

well as the settlement of the beam’s supports.
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Figure 127 — Displacement along x3 obtained in the static analysis (displacements in mm, deformed
mesh with 50x magnification factor).

From the static analysis was also possible to verify the maximum stress level in the steel

reinforcements. As presented in Table 18, the stress level is considerably lower than the steel yield

strength, which validates the adoption of a linear-elastic material model to simulate the steel

reinforcement elements. Furthermore, due to low ratio between the stress and yield strength obtained

for the instantaneous response, it is expected that the stress in the steel reinforcements remain in the

elastic stage during the duration of the creep test.

Table 18 — Maximum stress level of the steel reinforcements obtained in the static analysis.

Yield strength Stress/Yield

Type of reinforcement Stress [MPa] (MPa] strength ratio [%
Tensile longitudinal reinforcement 194.7 520 37.4
Compressive longitudinal reinforcement -68.6 -525 13.0
Transverse reinforcement 8.5 212 4.0

From the static analysis, it is also possible to verify that a significant number of concrete elements are
cracked for the considered load level. In Figure 128 is display the crack pattern obtained from the
numerical model, where the maximum computed crack width is about 0.034mm for a solid element

in the midspan zone of the finite element mesh.
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Figure 128 — Crack pattern obtained in the static analysis (only displayed cracks with computed
crack width higher than 0.005mm).

Subsequently, a transient analysis was performed considering that the loads of creep tests are applied
at the age of 28 days, and the deformation of the beam, considering the concrete creep and cracking,
is obtained for the subsequent time steps up to the age of 750 days. In Figure 129 the instantaneous

deformation of the beam (t, = 28days ) and at t = 750days are compared.

x3 1.512500

x1 Undeformed mesh _5

Deformed mesh at t=28 days E_‘-
(instantaneous deformation)

~3.‘:,\4‘1‘?
|
-3.768472

Deformed mesh at t=750days /

-5.04%444

Figure 129 - Displacement along x3 obtained in the transient analysis (displacements in mm,
deformed meshes with 50x magnification factor).

In Figure 130 are plotted the evolution of the midspan deflection of the beam with time. In addition to
the experimental results of [198] and the obtained results from the numerical simulation, it is also
plotted a curve that increases the numerically obtained midspan deflection by adding the difference
between the experimental and numerical instantaneous midspan deflection (A, ; =1.11mm). As can

be seen, by adding A, is achieved a good agreement between the numerical response and the

ins ?

experimental results.
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Figure 130 - Evolution of midspan deflection of the reinforced concrete beam.
In Table 19 is summarized the maximum stress level in the steel reinforcements obtained in the

transient analysis at the time t = 750days . As expected, the steel yield stress is not achieved, and

when compared to the stress level at t, = 28days (Table 18), a significant increase is attained.

Table 19 — Maximum stress level of the steel reinforcements obtained in the transient analysis for

t =750days .
, Stress Yield strength Stress/Yield
Type of reinforcement ;
[MPa] [MPa] strength ratio [%]
Tensile longitudinal reinforcement 246.2 520 47.3
Compressive longitudinal reinforcement -165.0 -525 31.4
Transverse reinforcement 16.3 212 7.7

In Figure 131 is display the crack pattern obtained from the transient analysis for t = 750days .
Compared to the cracking pattern obtained at the loading age t, = 28days , presented in Figure 128,
it is verified the localization of crack opening characterized by the progressive opening of some cracks,
while the neighboring cracks started to close. The maximum computed crack width at t = 750days
is about 0.063mm which represent an increase of about 1.85x regarding the maximum crack width

computed at t, =28days due to the consideration of concrete creep deformation between cracks.

Crack status:
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B T : \ [ [ ] AN ] _
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Figure 131 - Crack pattern obtained in the transient analysis for t = 750days (only displayed
cracks with computed crack width higher than 0.005mm).
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6.9 Concluding remarks

The present chapter is mainly dedicated to the description of a new creep model, designated by Aging
Creep Compliance model (ACC), and to the assessment of its predictive performance when applied at
material and structural level. In addition, a review of creep fundamentals and of the mechanisms that
influence viscoelastic behavior of cement based materials (CBM) are briefly overviewed. The most

widespread creep compliance models are presented, including its capabilities and drawbacks.

The ACC is based on the Dirichlet series expansion of the DPL model, and is capable of predicting the
aging creep behavior of CBM and structures, since early age. The ACC model uses different values for
these coefficients in each Kelvin chain, which are obtained by a nonlinear least square method applied
to the experimental creep compliance curves. The ACC model was integrated into the FEMIX computer
program, with the code designation of NLMM174 (Non-Linear Material Model 174), and can be
coupled to the other time dependent constitutive models governing the behavior CBM since their early

age up to hardened stage, like maturation, shrinkage, thermal variation and cracking.

The good predictive performance of the ACC at material level was demonstrated by simulating
experimental tests of laboratory scale. For demonstrating its suitability when coupled with a cracking
model, a reinforced concrete beam experimentally tested under creep loading conditions was

simulated.
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7/ IMPLEMENTATION OF A CYCLIC-HYSTERETIC CONSTITUTIVE MODEL FOR
SIMULATING THE CONTACT BETWEEN DIFFERENT MATERIALS

To simulate the contact between different materials, a new constitutive model was developed and
implemented in the Finite Element Method (FEM) software — FEMIX. In the scope of this research,
the main goal is to apply this constitutive model to simulate the behavior of the interface between

concrete slabs supported on ground and the respective granular layers of the pavements.

The constitutive model is applicable to the isoparametric zero-thickness interface finite elements
available in FEMIX library, namely the 4 or 6-noded interface linear element and the 8 or 16-noded

interface surface element, that are illustrated in Figure 132.
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Figure 132 - Isoparametric zero-thickness finite elements available in FEMIX: a) linear 4-node; b)
quadratic 6-node; c) Lagrangian 8-node; d) Serendipity 16-node (extracted from [199]).

7.1  Numerical implementation

At the integration point level of a linear interface finite element is considered the following relationship:

21 .
o= =DAU’ Eq. (7.1)
O-n
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where o is the stress vector, with the tangential (z,) and normal (o) components in the local
coordinate system. In this equation: Au' is the vector of the relative displacements of the interface

elements that comprises a sliding s and opening w components; and D is the constitutive matrix:

D= D 0 Eq. (7.2
2=l D, a.(7.2)

where D, and D, are the tangential and normal stiffness, respectively.

For the surface interface elements, a third stress and displacement component are considered, and

the constitutive matrix is updated, namely:

0O

o=|17, |=DAU’ Eq. (7.3)
O-n

Au'=[s, s, w] Eq. (7.4)
D, 0 O

D=0 D, 0 Eq. (7.5)
0 0 D

n

The constitutive model assumes that no tensile stresses can be transferred between the interface, and
a linear-elastic behavior is considered when the interface element is in compression, as defined by the

following expression:

D,=0 w>0
Eq. (7.6)

D, =k, w<O0
where k, is a user defined value.

To simulate the shear strength vs. sliding response (r - s) of the interface was implemented a cyclic
hysteretic model. It is considered that the envelope of the cyclic response of the interface is described

by the monotonic response presented in Figure 133.

The monotonic response is based on the work of [200], that is characterized by a linear-elastic branch
up to the slide displacement s, followed by a pre-peak nonlinear branch up to the slide displacement

corresponding to peak shear stress s_, and, finally, a post-peak nonlinear branch. The shear-sliding
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response is defined by Eq. (7.7), and the tangent stiffness at any point of the curve is obtained by

Eq. (7.8), where the subscript | represents the relative sliding displacement and shear stress

according to the local axis of the interface element. For the case of surface interface elements, no

relationship between the two shear components is considered, and the response of the interface

elements in each local axis of the finite elements is considered independently. For the case of linear

interface elements, only one direction is considered, i.e. i =1.

GiA

[

0

S S

Figure 133 — Shear stress vs. relative sliding displacement (r—s) monotonic response of the

constitutive model.

s, ; 0<ls|<s,

s )"
(_IJ : s0<|si|<sm ,i=12
Sm

-1
{Si] ;S <[|si|<s, =12

S —ay-1
L

Ea. (7.7)

Eq. (7.8)

In Eqg. (7.7) and Eq. (7.8) the slide displacement s, and s are user defined values, which

correspond, respectively, to the slide at the end of the linear-elastic branch and to the slide

corresponding to peak shear strength of the interface. In addition, ¢, and «, are parameters that
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define the shape of the pre-peak and post-peak nonlinear branches, respectively, as can be seen in

Figure 134.
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Figure 134 — Schematic representation of the influence of the value of parameters ¢, and «, in

the shape of the 7 —Ss relationship.

The value of the shear stress at the end of the elastic branch z,, is determined from the expression

that defines the pre-peak nonlinear branch assuming s, ='s;, as follows:
s, )
Ty =Tp'| — Eq. (7.9)

The peak shear stress, 7, , is determined according to the Mohr-Coulomb failure criterion, namely:

T,=0, - 1+C Eqg. (7.10)

where  is the friction coefficient that is taken equal to the tangent of the angle of internal friction,

u=tang, and c is the material cohesion of the interface between the materials in contact.

Previous research [201]-[204] pointed out the existence of a interrelation between the friction
coefficient and the relative displacement of the concrete pavements and subbase interface. Due to
this, in the constitutive model is considered that the friction coefficient varies with the accumulated
relative sliding displacement s_, as presented in Figure 135, Eq. (7.11), Eq. (7.12) and Eq. (7.13).
The mathematical formulation of this relationship is based on the curve proposed in Model Code 1990

for the stress-strain relationship of plain concrete [165].
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Figure 135 —Relationship between friction coefficient and accumulated relative sliding displacement
(u—s,) of the interface.

u= T, Eq. (7.11)
ﬂ . sa,Ilm Sa lim }
@, S S
p a,p a,p .lup , Sa > Sa,lim
1+(0)|_ J sa lim
@, Sa.p
_1 | _
S| A=B)—+2f )+
P
Sa lim = , 105 ["Sap Eq. (7.12)
1 10}
~(1=p)—+2:5| -p
4 w,
@, Zﬂ Eq. (7.13)
Sa.p

In order to apply Eq. (7.11) and Eq. (7.12) is necessary to input the maximum friction coefficient 4,

and the corresponding sliding displacement s_ , the ratio between the maximum friction coefficient

a,p’
and the residual friction coefficient £ and the initial tangent slope of the z—s, curve @,.

The accumulated relative sliding displacement, s_, is determined according to the following

a !

expression:

s s s + (520

Eq. (7.14)

N
S, =,
j=1
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where N is the number of load combinations.

The hysteretic model is based on the work developed in [205] to describe the hysteric behavior of
steel, where the unloading and reloading curves are defined by the Menegotto-Pinto model [206]. The
Menegotto-Pinto model is used to calculate a curve that connects two tangents with a variable radius
of curvature at the intersection of those two tangents, whose formulation is presented in Appendix G.

The steel constitutive model was implemented in FEMIX in the research carried out by Varma [121].

The hysteretic model is presented in Figure 136. The complete cyclic model is defined by 10 rules,
with 2 rules governing the monotonic envelope (1,2), and the remaining are set to describe the
hysteretic response, namely reversal (3,4), returning (5,6), first transition (7,8) and second transitions
curves (9,10).Considering the value of the relative sliding displacement, shear stress and tangent
stiffness of the initial and target points of the curve, the shear stress and tangent stiffness of curves 3

to 10 can be determined according to the formulation presented in Appendix G.
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Figure 136 — Representation of the types of curves considered in the cyclic hysteretic model.

The positive (rule 1) and negative (rule 2) envelopes are defined by Eq. (7.7). When an unloading
occurs, if the relative sliding displacement is on the first branch of the envelope response, i.e.
0< |si|£ S, , Is admitted a elastic recovery, without inelastic deformation. When the relative sliding
displacement surpasses the elastic branch, and an unloading occurs, the reversal curves (rule 3 or 4)

are applied.

In Figure 137 are presented the parameters that are considered in the rule 3, which are calculated

according to Eq. (7.15).
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Figure 137 — Representation of parameters of reversal curve 3.
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Similarly, in Figure 138 are represented the parameters that are considered in the rule 4, and in

Eqg. (7.16) are indicated the formulas to calculate these parameters.
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Figure 138 — Representation of parameters of reversal curve 4.
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When the reversal from the positive envelope to the negative envelope is not completed (path A-B’ in

Figure 139), is applied the returning curve (rule 5) from rule 3 to the positive envelope (rule 1). The

parameters of rule 5 are presented in Figure 139 and are calculated according to Eq. (7.17).

200



Advanced tools for design and analysis of fiber reinforced concrete structures

Tmax

Siz0 Tizo )

Smax \

C

Sisf Zisg)

+ —
AS’ = Sizo

S,

rev

/ B'ZS -

)\

i,5,0 ,Ti,s,o)

_Si,S,r -

_ +
5, f = Som + Smalx +AS

Tist =7 (Si,s,f )
D; ¢ =D, (Si,s,f )
R=20-(s,)"*-(1-0.2-As,,)

D,, =(1-0.1-As,;)- 2

As,.

_ ‘Si,s,f ~Sisr

25,

So

Eq. (7.17)

Conversely, when the reversal from the negative envelope to the positive envelope is not completed

(path A-B’ in Figure 140), is applied the rule 6 that considers a returning curve from rule 4 to the

negative envelope (rule 2). The parameters of rule 6 are presented in Figure 140 and are calculated

according to Eq. (7.18).
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When a reversal from a returning curve (rule 5 and 6) occurs, it is activated the first transition curve.
In Figure 141 and Eq. (7.19) are presented the parameters considered in rule 7 that are required
when a reversal in rule 6 occurs. It is noted that the target point of rule 7 (si]’f ' Ti7 g ) is determined

by applying a new reversal curve (3*) based on the formulation of rule 3, connecting points D’-B"".
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Figure 141 - Representation of parameters of first transition curve 7.
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Conversely, in Figure 142 and Eq. (7.20) is presented the first transition curve that is activated when
a reversal from rule 6 occurs. In this situation the target point for rule 8 (si’&f 1Tig t ) is determined
from a new reversal curve 4%, based on the formulation of rule 4, with the initial point (55410,1{4’0)

being calculated from the expression in Eq. (7.20).
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Figure 142 — Representation of parameters of first transition curve 8.
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When a reversal from rule 7 occurs, a second transition curve is enabled (rule 9), aiming the returning
branch of rule 5. The schematic representation of the second transition curve 9 is presented in Figure
143, and the defining parameters of rule 9 are presented in Eq. (7.21). To be noticed that the target
point of rule 9 is the initial point of rule 7 (smo,rmo), and the tangent stiffness D, ; of the target

point is determined according to rule 5 formulation (ngf =D (smo)).
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Figure 143 — Representation of parameters of second transition curve 9.
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Analogously, when a reversal from rule 8 occurs, a second transition curve is enabled (rule 10), aiming
the returning branch (rule 6). The schematic representation of the second transition curve 10 is

presented in Figure 144, and the defining parameters of rule 9 are provided in Eq. (7.22).
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Figure 144 — Representation of parameters of second transition curve 10.
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If a reversal from a second transition curve occurs, a new first transition curve is adopted, keeping the
target point of the first transition curve unchanged. In Figure 145a is represented the reversal from
rule 9, where a new rule 7 is adopted with a target point equal to (smf 1 Tig s ) Similarly, in Figure

145b is represented the reversal from rule 10, being adopted a new rule 8 with a target point equal

to (Si,8,f 1Tig, )
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Figure 145 - Representation of reversal from second transition curves of: a) Rule 9; b) Rule 10.

7.2  Numerical example

The adequate functioning of the developed constitutive model for interface finite elements, designated
by NLMM306 in the programming philosophy of FEMIX, is assessed in this section by simulating some

examples.

In Figure 146 is presented the geometry, load and support conditions of the first analyzed example.
This example aims basically to demonstrate the correct hysteretic functioning of the implemented
model in a situation where the interface is subjected to constant normal compressive stress and
several loading/unloading sliding loading conditions. The mesh is composed by two 8-node plane
stress elements (element no. 1 and 2) with 10mm of thickness and one quadratic 6-node interface
element (element no.3), being coincident the pair of nodes that form the interface element. For the
interface element is considered a Gauss-Legendre integration scheme with 2 integration points (IP),

and for the plane stress finite elements is considered a 2x2 IP Gauss-Legendre integration scheme.
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Figure 146 — Geometry, load and support conditions considered in the numerical model (dimensions
in mm).

For the 8-node plane stress elements is considered a linear elastic material model, considering a
Young's modulus of 300 GPa and a null Poisson's coefficient. In Table 17 is presented the parameters

of the NLMM306 constitutive model adopted in the interface element.

Table 20 — Material properties of the constitutive model of the interface.

So 0.1 mm

Sm 0.2 mm

c 0.50 MPa
o, 0.2

o, 0.3

2 5 mm-

Hy 0.466

Sap 0.15 mm

B 0.9

K, 100x10° N/mm

In Figure 147 is presented the evolution of the friction coefficient of the IP no (IP2) of the interface

element, considering the adopted parameters of the NLMM306 constitutive model.
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Figure 147 - Evolution of friction coefficient with the accumulated sliding displacement.

In the top edge of element no. 2 is applied an uniformly distributed load with the value of
g =1000N /mm inthe —X, global axis direction, which applies a normal compressive stress at each
integration point of the interface element equal to 100MPa. On nodes 9, 10 and 11 is applied a
horizontal prescribed displacement (values will be presented in each set of load combinations), whose

value is equal to the relative sliding displacement of the IP of the interface element.

7.2.1 Load combinations - set A

In Figure 148a is presented the prescribed displacement applied at nodes 9, 10 and 11 for the set A
of load combinations. The corresponding relative sliding displacement vs. shear stress response of
the IP2 of the interface element is presented in Figure 148b, from which is noticeable the application

of the rule 1 and 3 of the NLMM306 model.

The analysis of Figure 148b reveals that due to the variation of the friction coefficient (Figure 147),
the first branch of the constitutive model also assumes a nonlinear relationship between 7—s. The
nonlinear behavior of the first branch of the 7 —s relationship is justified as follows:
- The slope of the elastic branch is a function of the shear stress 7, as expressed in Eq. (7.8) ;
- The shear stress 7, is determined according to Eq. (7.9) considering the peak shear stress
T

- The peak shear stress is a function of the friction coefficient, « ;

- The friction coefficient is a function of the accumulated sliding displacement, s_;
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- The accumulated sliding displacement is obtained from Eq. (7.14), which increases with the

variation of the relative sliding displacement of the interface element IP.

For this example, the positive curvature of the first branch of the 7 —s is explained by the progressive
increase of the tangential stiffness with the increase of the sliding displacement, up to reaching a

sliding displacement of s, =0.10mm, as shown in Figure 149;
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Load combinations Sliding displacement [mm]

(a) (b)
Figure 148 - a) Prescribed horizontal displacement at node 9, 10 and 11 for the set A of load

combinations. b) Shear stress vs sliding displacement at the IP2 of the interface element.
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Figure 149 - Tangential stiffness at the IP2 of the interface element up to load combination 100.

7.2.2 Load combinations - set B

In Figure 150b is presented the 7 —s relationship at the IP2 of the interface element corresponding
to the prescribed displacement applied in nodes 9, 10 and 11 according to Figure 150a. From this

numerical simulation is clearly demonstrated the hysteretic response of the NLMM306 constitutive
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model, as the response encloses the positive (rule 1) and negative (rule 2) envelopes and the reversal

curves considered in rules 3 and 4.

Until load combination no. 100 is adopted rule 1, and the relative sliding displacement is lower than
S, - Due to the monotonic response did not reach the pre-peak nonlinear branch, as s <'s_, after load
combination no. 101 and until relative sliding displacement becomes negative, is still applicable rule
1, being followed by rule 2 when s <0. At the load combination no. 201 occurs a reversal of the
sliding displacement, and rule 4 is activated until the positive envelope (rule 1) is reached. At load
combination no. 301 a new reversal of the relative sliding displacement takes place and rule 3 is
activated. However, due to the model restriction (lack of convergence of the iterative process of the
Menegotto-Pinto model, see Appendix G), a linear interpolation in rule 3 is adopted. After reaching the
negative envelope at load combination no. 400, a new reversal curve (rule 4) is adopted until the

positive envelope is reached again (rule 1).
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(a) (b)
Figure 150 - a) Prescribed horizontal displacement at node 9, 10 and 11 for the set B of load
combinations; b) Shear stress vs sliding displacement at the IP2 of the interface element.

7.2.3 Load combinations - set C

In Figure 151 is presented the set C of load combinations that demonstrates the application of the
reversal, returning, first and second transition curves. The evolution of the prescribed displacement
applied in nodes 9, 10 and 11 considered in the numerical example is presented in Figure 151a, and
the corresponding 7 —S relationship of IP2 of the interface element is presented in Figure 151b. The

applied prescribed displacement yields a response on the integration point that starts in the positive
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envelope and ends in the negative envelope, with unloading and reloading stages in between, with
rules path of:15>3—2—5>4—>56—>8—10—>6—2.
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(a) (b)
Figure 151 - a) Prescribed horizontal displacement at node 9, 10 and 11 for the set C of load
combinations; b) Shear stress vs sliding displacement at the IP2 of the interface element.

7.3 Numerical application

The example in this section aims to assess the capability of the new interface constitutive model to
simulate the behavior of concrete slabs supported on ground submitted to push-off tests. The results
of the numerical simulation are compared with the data of the experimental program presented in

[201].

In [201] were conducted several push-off tests of concrete slabs with different geometries and with
different materials between the concrete slabs and the granular base layers. It is simulated the test
series no. 1 of the slab 1, which corresponds to a rectangular slab with 3.65x3.15mz plant dimensions
and with 152.4mm of thickness. In the interface between the slab and the granular base was placed
a double layer of polyethylene sheets. The push-off test consisted in the application of a horizontal
load on the center of the lateral edge of the slab, while the displacement of the slab was registered in
four points by using dial gages disposed according to the schematic representation shown in Figure
7.20. The horizontal load was applied with a stressing ram, and the applied load was registered with

a 444kN load cell. In Figure 152 is presented the test setup.
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Figure 152 — Test setup of slab tested in [201] (dimensions in mm).

In order to perform the numerical simulation of the push-off test, a finite element model of the concrete
slab was formed with 4-node of Reissner-Mindlin shell elements, considering a 2x2 Gauss-Legendre
integration scheme. For the simulation of the contact conditions between the concrete slab and the
granular layers of the pavement, 8-node surface interface finite elements were introduced between
the elements of the slab and the supports that materialize the foundation of the pavement. For the
surface interface finite elements was adopted a Gauss-Legendre 2x2 integration scheme. The finite
element mesh is shown in Figure 153, being formed by 270 shell elements and 270 interface

elements.
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Node9 / \ Node 295;

Applied load
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Figure 153 - Finite element mesh.

The simulation is carried under displacement control. Resorting to the arc-length technique [207], the
magnitude of the point load applied at node 295 is determined in order that the incremental
displacement of the node 9 is equal to &;* = 2x1072mm in each iteration. The self-weight of the slab

is also considered during the analysis.

For the simulation of the concrete behavior is admitted a linear-elastic response, assuming a Young's
modulus E, =30.0GPa and Poisson’s ratio v =0.20. Based on the information collected in [201],

the slab’s concrete density is equal to p, =2070kg / m®.

The NLMM306 constitutive model is considered for simulating the behavior of the interface elements,

with the parameters presented in Table 21.

Table 21 - Material properties of the constitutive model of the interface.

S 1x107° mm

Sm 0.125 mm

c 0.0 MPa

a, 0.10

a, 0.01

o, 10 mm-

Hy 0.472

Sa.p 0.125 mm
0.99

K, 1x10° N/mm
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In Figure 154 is presented the relationship between the applied horizontal load and the average
displacement in the x, direction of the nodes 9, 286, 295 and 304 of the mesh (Figure 153), similarly
to the procedure employed in [201]. The very good agreement between the numerical model and
experimental results reveals the capability of the NLMM306 constitutive model to simulate the

behavior of the interface between concretes slabs supported on ground.

By 1T T T

Experimental
] Numerical model | | ]
0] .-, ]

54 T T 4

10 o --emenmmeeenneaes T e -

Horizontal Load [kN]

0.00 0.20

0.05, 010 . 0.15
Displacement in x, direction[mm]
Figure 154 — Horizontal load vs. displacement in the X, direction relationship of the slab.

7.4 Concluding remarks

This chapter was dedicated to the description of a new constitutive model for simulating the contact
between different materials. The constitutive model was implemented in FEMIX to be adopted in

zero-thickness interface elements.

To simulate the shear strength vs. sliding response of the interface was implemented a cyclic hysteretic
model. Within the model, the maximum shear stress is defined according to the Mohr-Coulomb law,
while being adopted a nonlinear variation of the friction coefficient as a function of the sliding

displacement of the interface.

The hysteretic response of the model was demonstrated by conducting simulations of simplified

numerical examples, and some of the model’s particularities were presented.
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The capability of the model to simulate the interface of concrete slabs supported on ground was
assessed by performing the numerical simulation of a push-off test. It was verified a good agreement

between the numerical and experimental response of the force vs. sliding displacement of the concrete

slab.
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8 CONCLUSIONS

8.1 Main conclusions

The present thesis has focused on the development and implementation of numerical tools that can

be applied in the analysis and design of FRC structures.

In this scope, the development of a software which is based on the most recent guidelines and
recommendations for the design of FRC members, FRCcalc, can represent a significant resource for
the design community. Based on a user-friendly interface, the program allows to conduct fast and
detailed analysis of the ultimate and serviceability limit state safety verifications of FRC structural
members, filling a gap in the availability of a software to conduct analysis of FRC members. In addition,
the possibility to run comparative analysis between the structural performance of a concrete element
with traditional reinforcements and fiber reinforcements can, based on the improved performance of

FRC, promote the increase of prescription of FRC at the design stage.

One of the most promising application of fiber reinforcements relies on the replacement of
conventional shear reinforcements of concrete. In this aim, it was conducted an assessment of the
reliability of the shear prediction models available on MC2010, by comparison with the experimental
results of an extended version of a database of FRC elements shear tests. For the database under
analysis, both models revealed a satisfactory approximation to the experimental results, and in average
both models exhibited very similar predictive performance. A significant finding of the research relied
on the fact that, in the majority of the cases, both shear prediction models returned safe estimations
of the shear resistance of the FRC beams of the database. In addition, after application of the partial
safety factor for FRC, both models always return safe predictions, which confirms the reliability of the

shear models for the design of FRC structures.

For the analysis of the flexural response of FRC members, an approach that couples the influence of
fiber orientation and segregation, and the contribution of the pullout resistance of each fiber bridging
a crack was developed. A novel local constitutive model for the pullout response of the fibers was
proposed, which can be adapted to simulate the interface behavior between different types of fibers
and concrete matrix properties. By adopting a fitting procedure to derive the values that define the

parameters of the local bond strength vs. displacement of aligned fibers, the integrated model was
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able to capture the flexural response of steel fiber reinforced concrete notched beams submitted to 3-
point bending tests. Although some discrepancies were found in its application to simulate the flexural
response of FRC structural members for two case studies, it is believed that the followed approach
can simulate more realistically the post-cracking response of FRC in comparison to the already
available models, e.g. generalized stress vs. crack width relationships. The performance of the model
would greatly benefit from the characterization of the pullout response of aligned and inclined fibers,

which is being a major research topic in the more recent years.

One of major reasons for the use of fiber reinforcements is the capability of fibers to transfer stresses
across cracks, increasing the stiffness of cracked structural elements, which ultimately limits crack
opening and reduces structural member’s deformation. In order to estimate the crack opening and
deformation of FRC structural members under sustained loading, a new basic creep model - ACC
model — based on the Dirichlet series expansion of the DPL model was developed for predicting the
aging creep behavior of CBM, since early age. The model was integrated in FEMIX, which can be
coupled with other time dependent constitutive models governing the behavior CBM since their early
age up to hardened stage, like maturation, shrinkage, thermal variation and cracking. The good
predictive performance of the ACC was demonstrated at material and structural levels. For this last
situation, of more interest in structural design practice, the long term deflection of a reinforced
concrete beam submitted to flexural creep test was predicted with good accuracy, in a complex
scenario where cracking has also occurred. For the case of FRC members, the model can be adopted

to simulate creep of concrete in compression and in tension between cracks.

Until now, the widest use of FRC resides in its application in slabs of pavements supported on ground,
mainly for industrial buildings. In this topic, is of paramount importance to adequately simulate the
support conditions of the slabs, since the stress state and crack propagation developed in the slabs
are significantly influenced by the restriction promoted by the granular layers of their foundation
system. In this scope, it was implemented in FEMIX a constitutive model that can simulate the
contact between different materials, namely concrete slabs supported on ground. The model adopts
a cyclic-hysteretic response based on Mohr-Coulomb law, while a variable friction coefficient is
adopted. In addition, only shear and compressive stresses are permitted in the interface between

materials. This model can be used with the available models in FEMIX to simulate FRC cracking,
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creep, shrinkage, maturation and thermal variation, and perform extremely thorough analysis for the

assessment of the behavior of FRC pavements.

8.2 Possible future developments

The work conducted in this thesis can be further developed, and the following list of research topics

is proposed:

- Upgrade the design capabilities of FRCcalc to allow the analysis of T and I-shaped FRC cross-
sections, the use of prestressed reinforcements, and the use of fiber reinforced polymer
reinforcement bars. Addition of a new module in FRCcalc for conducting comparative
analysis of the economic aspects of concrete elements with traditional reinforcements and
fiber reinforcements. In addition, a special module aimed for the design of FRC slabs
supported on ground, submitted to the typical load conditions, could also reveal a great
interest due to the widespread use of fiber reinforcements in this type of structures, namely

in industrial buildings;

- The fiber pullout resistance model, used in the analysis of FRC structures, should be extended

to the use of non-steel based fiber reinforcements, particularly glass and synthetic fibers;

- In the fiber segregation model, further research can be carried out by assessing the
performance improvement of the numerical tool by adopting a nonlinear distribution of fibers
along the cross-section height. The reliability of these models should be assessed with

experimental results;

- A creep model for concrete in compression and for the fiber-matrix interface can be
implemented in the numerical tool presented in chapter 5, in order to adequately predict the

long term deflection and crack opening of FRC members.

- Coupling a tension-stiffening model, similar to the one proposed in [25], [208], with the fiber
orientation profile, fiber segregation and fiber pullout resistance models to improve the
capability to simulate the flexural and cracking behavior of FRC members, including members
flexurally reinforced with conventional reinforcements (R-FRC). A new software based on the

force method can be developed for the analysis of a R-FRC structures, where the flexibility
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matrix of the structure is updated according to the moment-rotation relationship outputted by

DOCROS;

- The integrated approach that adopts the fiber orientation profile, fiber segregation model and
fiber pullout resistance can be implemented in FEM-based software, as FEMIX, to be used
in the analysis of more complex structural elements. In addition, the model formulation could

also be improved in order to consider Mode Il fracture of FRC based on the work of [209].

- Development of a time-dependent model to simulate the evolution of the post-cracking
behavior of FRC since early ages. This model can be implemented in the available smeared
crack model that is applied for the simulation of the crack opening and propagation of FRC,
and be coupled with the thermo, maturation, creep and shrinkage models that are adopted

in the simulation of cement based materials since early ages.
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APPENDIX A

In Table 22 are presented the reference values of concrete mechanical properties based on the existing

strength classes.

Table 22 - Reference values of concrete mechanical properties for each strength class [30].

Strength fo &3 Sz E. Feam
classes [MPa] [] [l [GPa] [MPa]
Cl2/16 12.0 1.750E-03 3.50E-03 27.0 1.6
Cl6/20 16.0 1.750E-03 3.50E-03 29.0 1.9
C20/25 20.0 1.750E-03 3.50E-03 30.0 2.2
C25/30 25.0 1.750E-03 3.50E-03 31.0 2.6
C30/37 30.0 1.750E-03 3.50E-03 33.0 2.9
C35/45 35.0 1.750E-03 3.50E-03 34.0 3.2
C40/50 40.0 1.750E-03 3.50E-03 35.0 35
C45/55 45.0 1.750E-03 3.50E-03 36.0 3.8
C50/60 50.0 1.750E-03 3.50E-03 37.0 4.1
Ch5/67 55.0 1.800E-03 3.10E-03 38.0 4.2
C60/75 60.0 1.900E-03 2.90E-03 39.0 4.4
C70/85 70.0 2.000E-03 2.70E-03 41.0 4.6
C80/95 80.0 2.200E-03 2.60E-03 42.0 4.8
C90/105 90.0 2.300E-03 2.60E-03 44.0 5.0
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APPENDIX B

The rigid-plastic and linear models are derived from the observed results of 3PNBBT to describe the

uniaxial tension behavior of FRC.

The rigid-plastic model is derived from an ultimate design analysis of FRC cross-section of the notched
beams, and considers that the compressive force is concentrated in the top fiber of the section, while
the tensile post-cracking strength of the FRC is distributed along the cross-section with a constant

stress of f, (Figure 155) [30].

The value of f_, can be obtained by equating the internal resisting moment of the cross-section,

M and the external applied moment, M., considering the forces acting on the beam during

wint ?
the 3PNBBT at ULS. Considering that at ULS the ultimate crack opening of FRC is equal to
w, =CMOD, =2.5mm, which and that considering a liner-elastic stress distribution in the
specimen critical cross-section (notch zone) the maximum stress in the cross-section corresponds to
the residual flexural strength f., [39] (Figure 155), the expression that yields in the relationship

between f_, and fg, presented in Eq. (2.15), can be deduced from:

f.-b-h2 f_ -b-h? f
M =M -2 _ »_ Fu P f =R Eq. (B.1
u,ext LI,Int 6 2 Ftu 3 q ( )
fi
- Fc R3
g M —
-4+ =
=W, /¢ frs
- : thu
b - -
Cross section Strain Stress Stress

(linear-elastic)
Figure 155 - Stress-strain distribution in 3PNBBT critical cross-section at ULS considering the rigid-

plastic model for FRC.
The linear model is defined by two variables: the serviceability and ultimate residual tensile strength,

frs and f.,, respectively. Each variable is defined according to different assumptions at SLS and

ULS.
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At SLS it is considered that the FRC in the notched beam cross-section assumes an elastoplastic stress
distribution for FRC in tension and linear-elastic stress distribution in compression [30]. Considering
a linear-elastic stress distribution assumed for the critical cross-section of 3PNBBT (Figure 156) at

SLS, the serviceability residual tensile strength f_. can be derived from following set of equilibrium

Fts

equations:
U.b.X_M_f b-(y-q)=0
{Z F=0 2 Fs fq (B.2)
& q. (B.
o b- f.-b-h2
Ms,mt Ms,ext thS.b.y.(z.x+l]_w.(1.q+g.x):u
3 2 2 3 3 6
o=E,-y-X Eq. (B.3)
g e X Eq. (B.4)
O
w
7= Eq. (B.5)
Y
where, w=CMOD, =0.5mm and y =h,, —X.
o le
L ?x
________ __""Ui_
JE T § =
thS le
F#."{ )
Cross section Strain Stress Stress

(linear-elastic)

Figure 156 - Stress-strain distribution in 3PNBBT critical cross-section at SLS for determination of
f

Fts

The resolution of the set of equilibrium equations Eq. (B.2) yields a correlation between f, and fg,
that depends on the Young's modulus, E_ , and of the structural characteristic length, |

[39]:

namely

cs !

fro =Ky (Bl ) Fr Eq. (B.6)
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Considering that |, = hsp, the factor k, changes with the Young's modulus, ranging between 0.362
and 0.375 (Figure 157), with an average value of k, =0.37 [39].

0.38
k,

a

0.376 —

0.372 H

0.368

0.364 —

0.36 T T T
20000 30000 40000 50000
E [MPa]

Figure 157 - Values of k, for the linear model and considering | = hSp (extracted from [39]).

At ULS it is considered that the compressive stress is concentrated in the top fiber of the critical cross-
section, and that the FRC assumes a linear stress distribution along the cross-section. It is assumed
that the tensile strength varies from k, - f,, at w=0, and f,, at w=w,=2.5mm [39].

Considering the rotational equilibrium of the cross-section, f,, can be defined as:

f.-b-h2 b-h  f.,-b-h2
ZMu,extQ%-’_(kb.le_thu)' 3P: ik 6 &
> My = =N Eq. (B.7)
k
thu =0.5- fR3 _?b' le

Considering that the linear model has also to pass in the point w=CMOD, =0.5mm,

fre =k, - fr, =0.37- f;, the value of k, can be obtained from:

Fts

K, :0.529—0.143-h Eg. (B.8)

R1
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f frs
- Fts Fc
N =
fR3
1 b thu/
P .
Cross section Strain Stress Stress

(linear-elastic)
Figure 158 - Stress-strain distribution in 3PNBBT critical cross-section at SLS for determination of

thu )

In order to obtain the expression presented in Eq. (2.16), it is introduced in Eq. (B.8) the lower limit

of the expression presented in Eq. (2.3), fy; =0.5-f;,, and k, takes the value of:

k, =0.45 Eq. (B.9)

Introducing the value of k, in Eq. (B.7), the ultimate residual tensile strength for w, =2.5mm can

be obtained by:

fo, =05 fy,—0.225. f,, =05 f,—0.2- f, Eq. (B.10)

Ftu

The expression presented in Eq. (2.17) corresponds to the ultimate residual tensile strength of the

linear model that can be calculated for ultimate crack opening values that differ from w, = CMOD, .
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APPENDIX C

In the present section are presented the derivation of the compatibility and equilibrium equations of
the generic rectangular cross-section presented in Figure 35, that are implemented in the software

FRCCalc.

Based on Figure 35 the forces and moment equilibrium equations in the cross-section are:

ZF:N F+FR,+FR,+F =N
& Eg. (C.1)
Y F-d=M " |M+M,, +M, +M_+N -2: M
From Figure 35is also possible to define the following compatibility relationships:
Ep =X X
o Eq. (C.2)
i :gtop +x b

where d, is the depth of the resultant internal forces, relatively to the top fiber of the cross-section;

and y is the curvature of the cross-section.

By specifying the bilinear diagram for concrete in compression (section 2.3.1), the distribution of

compressive stress (o, 0, ), forces (F,,F,,) and forces depth (d,,d,,) in the cross-section is

presented in Figure 159 and Figure 160, for situations where the neutral axis position is inside the

cross-section and member presents positive and negative curvature respectively. For situations where

the neutral axis position is outside the cross-section is assumed a virtual compressive force between
clv?’ c2,v

the neutral axis and the face of the cross-section (F F ) as can be seen in Figure 161 and

Figure 162.
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Figure 159 - Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for positive curvature and neutral axis position inside the

cross-section.
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Figure 160 - Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for negative curvature and neutral axis position inside the
cross-section.
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Figure 161 - Stress, strain, compressive forces and forces depth for the compressive zone of the
cross-section applying the bilinear model, for positive curvature and neutral axis position outside the
cross-section.
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cross-section applying the bilinear model, for negative curvature and neutral axis position outside the
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From Figure 159 to Figure 162 can be deducted the following relationships:

7 >0:

x<0:

<Xy =h-x ;x<hap,<0;

pCI_ 3 (1+0,) = €p
X

o, Sz (14 0,) = &4p
X

d - Es (1+(pc)

: X
= ‘x<0 X, =0 x<0
iz; ;i:O/\ P, <0 ; 2 = Xx>0Ap,<0Ap,<0

X, = -X :x=20 >0
cl pcl /\pcl X =p01_p02 X>O/\p0220

Xe» x<0
X, =0 ;X>h

X, =p.—X :X<h >0
" pC1 /\pCl X pcl pcz X>O/\pc220

X, =0 ;Xx<h ;X<h
: X017V=X—h ;x=hap,<h —pCl ;X>hap,>hap,<h
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Xep = Pu X>0Ap,<0Ap,=0

X>0Ap,<0Ap,<0
= Pa x>0Ap,<0Ap,; =0

Ea. (C.3)

Eq. (C.4)

Eqg. (C.5)

Eq. (C.6)

Ea. (C.7)
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=05b-x, 0,

C.

c

Fcl

Fo=b-X, 0,
Fcl,v: —-0.5-b- Xcl,v ' Gcl,v Eq (C8)
F

c2,v= b- XcZ,v Oy

Fc = Fcl + FcZ + I:cl,v + I:c2,v
2-X

dy =X- 301 ;x>0 d02:X—Xcl—X—§2 x>0
2.x ; y Eqg. (C.9)
dy=x+—2 ;x<0 dc2=x+xcl+?2 7 <0
2-X X
dcl,v:X_ 301,V ;Z>O/\X>h dcz,v:X_Xcl,v_ﬂ ;Z>0/\X>h
2.x ; X2 Eqg. (C.10)
d,, =x+ 3°1'V 7 <O0AX<0 |d,, =X+X,, +—=2 ;x<0AX<0
Mclecl'dcl
M02:Fc2'dc2
Mcl,v = l:cl,v 'dcl,v Eq (Cl].)

Mcz,v = FcZ,v 'd02,v
M, =My +M_,+M,, +M

c2,v

The design compressive strength of concrete, f_,, is determined according to Eq. (2.9). In FRCcalc
it is assumed that «,, =1.0 and that for ULS analysis the partial safety factor assumes the value of

7. =1.50 and for SLS analysis the value is equal to y, =1.0.

As can be deducted in Eqg. (C.7) and Figure 159, in the model is considered the influence of creep of

concrete under compression, in accordance with the methodology presented in section 2.3.1.

The stress and internal forces of the conventional steel rebars are also represented in Figure 159.
Applying the elastic-perfectly plastic diagram for steel in compression and tension (section 2.3.2), the
rebars stress (o, 0, ), forces (F,, F,,) and force depth (d;,d,,) can be determined from the

following expressions:

€11 :Z‘(dsl_l_x)

2= (02 7%) Eq. (C.12)
€217 Z'(dsz_l - X)

€2 2= Z'(dsz_z _X)
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m.-

S

S!

{F.=F, ,+F

s11° dsl_l + Fl_2 'ds1_2 +F

S. S

1 2 + FsZ_l + I:52_1

2.1° dsz_l +F, 2.2° dsz_z

S

Eg. (C.13)

Eq. (C.14)

Eg. (C.19)

Eg. (C.16)

Eg. (C.17)

Eg. (C.18)

For FRC in tension, the stress-strain model to be adopted depends if a ULS and SLS analysis is being

performed. In FRCcalc a generalized stress-strain distribution is adopted that is capable to be

adapted to both ULS and SLS FRC in tension models. The generalized model is divided in 4 linear

branches, which is presented

in Figure 163.

A

o
Ga.i
G3,i
G2,

G,

| |
i Gui &3
Figure 163 - Generalized multi-linear model for FRC in tension.
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As presented in section 2.5.1, for FRC cross-section with longitudinal steel bars reinforcement the
tensile zone should be divided in two zones. Consequently, an independent stress-strain relationship
is applied for each zone. In Figure 163 the index i represents the tensile zones of the cross-section,
where 1 =1 stands for reinforced zone, corresponding to the effective tension zone of the section,
and 1 =uU is referred to the unreinforced zone, corresponding to the remaining part of the cross-

section, i.e. zone between the height of the effective tensile zone and the neutral axis position.

The possible distribution of stresses, strains, tensile forces and force depth for the unreinforced tensile
zone of the cross-section are represented in Figure 164 and Figure 165 for the situation where the
neutral axis position is inside the cross-section and member presents positive and negative curvature

respectively. For situations where the neutral axis position is outside the cross-section are assumed

virtual tensile forces between the neutral axis and the face of the cross-section (Fﬁ’u’v), as can be
seen in Figure 166 and Figure 167.
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Figure 164 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional reinforcement,
adopting quadrilinear stress-strain diagram, for positive curvature and neutral axis position inside the
cross-section.
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Figure 165 - Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional reinforcement,
adopting quadrilinear stress-strain diagram, for negative curvature and neutral axis position inside
the cross-section.
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Figure 166 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional reinforcement,
adopting quadrilinear stress-strain diagram, for positive curvature and neutral axis position outside
the cross-section.
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Figure 167 — Possible distribution of stresses, strains, tensile forces and forces levers for the
unreinforced tensile zone of a FRC cross-section with longitudinal conventional reinforcement,
adopting quadrilinear stress-strain diagram, for negative curvature and neutral axis position outside
the cross-section.

The possible distribution of stresses, strains, tensile forces and force depth for the reinforced tensile
zone of the cross-section are represented in Figure 168 for the situation when quadrilinear tensile

stress-strain diagram is adopted.
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Figure 168 — Possible distribution of stresses, strains, tensile forces and forces

levers for the

reinforced tensile zone of a FRC cross-section with longitudinal conventional reinforcement, adopting

quadrilinear stress-strain diagram.

From Figure 164 and Figure 168 it is possible to deduct the following relationships:

Ei, — &

ptjyu _ “tju top
£ j=1234
Eir — &
Py = L =
X
phc,ef = h_hc,ef X > 0
phc,ef = hc,ef ’Z < 0

Eg. (C.19)

Eg. (C.20)
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¥ <0:

dtj_l,r =X- ytj,r

>

]

.d

),r

4
=1
=1

i

ant 2'(ytj,r B yt";‘nrt)

3

4

Mtu = Z th,u ’ dtj,u + Z th,u,v ’ dtj,u,v
j=1

Mtr

tj,r

Eqg. (C.36)

Eg. (C.37)

Eg. (C.38)

Eg. (C.39)
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APPENDIX D

D.3 Determination of structural characteristic length

In Table 23 is presented the algorithm for the determination of the structural characteristic length of

FRC member. The calculation procedure is based on the methodology presented in section 2.3.3.

The structural characteristic length of an FRC cross-section without longitudinal conventional

le =h.

! Tcs

reinforcements is equal to the cross-section height

For FRC cross-section with longitudinal steel rebars, the structural characteristic zone is evaluated for
the two zones of the cross-section: (i) a reinforced zone limited between the bottom fiber and the

height of the effective tensile zone, h, ; (i) and an unreinforced zone limited by the height of the

ef !

effective tensile zone of the cross-section and extreme compressive (top) fiber of the cross-section.

The value of 1 is the minimum between mean crack spacing, s, and the distance between the

cross neutral axis-position and the extreme tensile (bottom) fiber of the cross-section, y . The neutral
axis position is determined considering the bending moment corresponding to the serviceability criteria
(data input) and disregarding the FRC tensile strength. The value of | is equal to the distance

between top fiber of the cross-section and the height of the effective tensile zone of the cross-section.

Table 23 - Algorithm for determination of structural characteristic length of FRC member.

ROUTINE TITLE: Calc_structural_length

INPUT:
e (lass with geometry and material data, cData.

OUTPUT:

e Structural characteristic length of the unreinforced zone, 1, and of the reinforced zone,

r
Ir.

I)  Determine if longitudinal conventional reinforcements are adopted in the cross-section. Is

(MEd,crack > 0/\ &l_l :0/\ &1_2 = O)V(MEd,crack < 0/\ &2_1 = O/\ A§2_2 20)7
) Yes:Set I =h.Gotoll).

i) No:
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) Read variable corresponding to the creep coefficient, ¢, , from cData.

i) Set analyze type to RC cross-section: CS_type = RC.
iii) Set analysis state to SLS: Analysis_type = SLS.

iv) Resolve cross-section equilibrium equations disregarding tensile strength of FRC:

Call routine Calc_section(cData, CS_type, Analysis_type, ¢, Mg o

N ), and retrieve neutral axis position, X, and curvature, y .

Ed,crack
v) Calculate y=h-x.

vi) Determine f___ from Eq. (2.113) and Eq. (2.16).

Ftsm

vii) Determine mean crack spacing s, : Call routine Calc_Ismax (cData, f.,,

Yy ). Retrieve s, .

viii) Determine the height of the effective tensile zone, h__., considering the distance

c,ef !

between neutral axis and extreme fiber of cross-section in tension, Y . Call routine

Calc_effective_height(cData). Retrieve h, . .
ix) Set I, =min(s,,,y).
x) Setl,=h-h

c.ef *

) End.

In Table 24 is presented the algorithm that is used to set the formula to determine the height of
effective tensile zone of the cross-section. This procedure is based on the approximated method
presented in section 2.5.5. The set of formulas that allow to determine the effective tensile zone height
are exported to an Excel worksheet, whose value is updated considering the type of element in analysis,

geometrical data of the cross-section and distance VY .

263



Advanced tools for design and analysis of fiber reinforced concrete structures

Table 24 - Algorithm to set the formulas for effective height of tensile zone of cross-section.

ROUTINE TITLE: Calc_effective_height

INPUT:
e (lass with geometry and material data, cData.

OUTPUT:
o Height of effective tensile zone, h_ . -

[)  Read in cData the type of element to be analyzed: Elem_Type

) Define formula for h, . . Check value of Elem_Type?

i) Elem Type="Beam’ :

1) If ¥>0:

a) If Ay, >0AA; ,>0:h = min(2.5-min(cl_l,cl_2),%). End.
b) If A, ,>0nA, ,=0:h = min(2.5~cl_l,%). End.

c) If Ay, =0AA;,>0:h 4= min(2.5-cl_2,%). End.
d A,,=0AA, ,=0:h 4 =0.End

2) If 7<0:
a) fA, ,>0nA, ,>0:h = min(2.5-min(c2_1,c2_2),%) . End.
b) If A, ;>0AA, ,=0:h :min(2.5-c2_1,%) _End.
o) If A, ,=0AA, ,>0 :h =min(2.5-c2_2,%) . End.

d If A,,=0AA, ,=0:h_ =0.End.

i) Elem Type="Slab” :

1) If ¥>0:
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a) IfA;,>0nA; ,>0:

hcyef—f — min {2.5-[min (Cl_l’ C1_2)+ 0.5.[%_12 . Agl_l +¢1_22 . &1_2 J]' %}

¢1_1 '&1_1+¢1_2 'A§1_2

End.

b) If A, ;>0AA; ,=0:h =min(2-5'(01_1+0-5‘¢1_1),%)- End.

c) IfA, ,=0AA,,>0:h =min(2.5.(cl_2+O.5-¢1_2),%). End.
d If A, ,=0AA, ,=0: h, =0.End.
2) If y<0:
a) IfA,;>0AA,,>0:
2 " 2
he =min| 25:| min(c, ,,c, ,)+0.5- bi Poatths Aas %
I ¢2_1 'A%2_1+¢2_2 'A%z_z

End.

b) If A, ,>0AA, ,=0:h :min(2.5-(cz_l+0.5-¢2_1),%). End.

c) IfA, =0AA, ;>0 Ny = min(2.5.(cz_2 +0.5-¢2_2),%). End.

d If A, ,=0AA,,=0:h,=0.End
i)y Elem_ Type="Wall” :

1) If y>0:

a) If A, >0nA; ,>0:

hc,eff =min [2.5-[”’“” (Cj__]_! Cl_z)+0.5.£¢1_12 : Asl_l +¢1_22 ’ Asl_z }J’%}

¢1_1 'A%1_1+¢1_2 'A%l_z

End.

b) If Ayy>0AA; ,=0:h, 4 =min(25:(c,,+05-4 )./} End.
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o) If Ay =0nA,,>0: N, =min(25:(c_,+05-4,),0). End
d) If A,,=0AA, ,=0:h , =0.End.
2 If y<0:
a) If A, , >0AA,,>0:
e = min{2.5~[min(czl,cz2)+0.5'[¢212 Aaatbes Ay D%J
b1 Aoath, Ags

End.

) If A, ;>0AA, ,=0: h 4 =min(25:(c,,+05-4,,),0). End

o) If A, =0AA, ;>0 : 0, =min(25:(c, ,+05-¢,,),N) End

d If A,,=0AA, ,=0:h_ =0.End.

D.4 Definition constitutive models

The definition of the constitutive models for concrete in compression, FRC in tension and steel in
tension and compression are based on the formulation presented in section 2.3. In Table 25 to Table
28 are presented the algorithms used in FRCcalc to define the mentioned constitutive models. The
formulas that define the constitutive models are exported to an Excel worksheet, and for each iteration
of the calculation procedure the stresses are updated according to the strains of each characteristic

point of the cross-section.

Table 25 — Algorithm for definition of constitutive model for concrete in compression.

ROUTINE TITLE: model_SigmaC

INPUT:
e (lass with geometry and material data, cData.

e Variable that defines type of limit state analysis to be performed, Analysis_type =
ULS/SLS.

OUTPUT:

e Formula foro

a1 O

c2?

X, and X, .
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) Read concrete creep coefficient, ¢, , from cData.
ll)  Define partial safety factor for concrete in compression. Check value of Analysis_type?
i) Analysis_type = SLS: Set y, =1.0.
i) Analysis_type = ULS: Set y, =1.5.
)  Set «, =1.0.
IV)  Determine design value for concrete compressive strength: f, =« - f, /7. -
V) Setformula for p,, p;, and d,_accordingto Eq. (C.3).
V) Setformula for X, X.,, X4, and X, according to Eq. (C.4) and Eq. (C.5).
VIl)  Setformula for ¢, &,,&,, and &, according to Eq. (C.6).

Vi) Set formula for oy, o,,0,, and o,, according to Eq. (C.7).

X) End.

Table 26 — Algorithm for definition of constitutive model for steel in compression or tension.

ROUTINE TITLE: model_SigmaS

INPUT:
e (lass with geometry and material data, cData.

e Variable that defines type of limit state analysis to be performed, Analysis_type =
ULS/SLS.
e Variable J, that represents if the model is for bottom (j=1) or top (j =2)

reinforcements.

OUTPUT:
e Formula for o -

[)  Define partial safety factor for concrete in compression. Check value of Analysis_type?
i) Analysis_type = SLS: Set y, =1.0.

i) Analysis_type = ULS: Set y, =1.15.
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) Determine design value of steel yield strength: f, =1, /7, .
Il)  Setformula for o according to Eq. (C.13).

)  End.

Table 27 - Algorithm for definition of constitutive model for FRC in tension at ULS.

ROUTINE TITLE: model_FRC_ULS

INPUT:
e (lass with geometry and material data, cData.

e Variable i that defines the zone of tensile zone of the cross-section (i =1 corresponds to
unreinforced zone; i =2 corresponds to reinforced zone limited by the effective tension
zone height).

e Variable z that defines the number of divisions of the tensile zone of the cross-section.

o | structural characteristic length of zone i .

cs,i !

OUTPUT:
e Values of Oy of the quadrilinear model, j=1,2,3,4.

e Formulas for y, ., oy,; and oy;

[)  Set partial safety factor: . =1.5
ll)  Determine characteristic tensile strength: f, =0.7- f_,,
[ll)  Determine values for the model characteristic points:
i) Seto,; =09-f,/r and g, =0y, /E, -
i) Set oy,; = o /7 and g,; =0.15%o.
iii) Set o5; =0.45- 1, /7 and &,; =0.15%o.

iv) Determine ultimate crack opening for zone i, based on Eq. (2.18) and considering.

£, =0.02 : w,; =min(25;l;-0.02).

cs,i
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V)

Vi)

vii)

W
Set o,,; = max (0; frg === ( frg —0.5- foq +0.2- lek)) and

2.5
gt4,i = Wu,i/lcs,i )
If z =2 Set formulas for tensile stress at division of tensile zone, o, , from
Eq. (C.32).
Value of I ?
1) i=1:
a) Set formulas for distance between cross-section top edge and end of each
quadrilinear branch of the model, Py j=1,2,3,4from Eq. (C.19).
b) Set formulas for distance between neutral axis and end of each quadrilinear
branch of the model, Yius j=1,2,3,4from Eq. (C.21) and
Yiuws j=1,2,3,4from Eq. (C.22).
c) Set formulas for stress corresponding to the distance Yiur o a;u from
Eqg. (C.26), respectively.
d) Set formulas for Oy j=12,3,4 from Eq. (C.27).
2) 1=2:
a) Setformulas for p,. . (Eq. (C.20)), y,.« (Eq.(C.23)), &, (Eq.(C.24))
and o, , (Eq. (C.32)).
e) Set formulas for distance between cross-section top edge and end of each
quadrilinear branch of the model, P j=1,2,3,4from Eq. (C.19).
f)  Set formulas for distance between neutral axis and end of each quadrilinear
branch of the model, Yijurs j=1,2,3,4from Eq. (C.30) and
yt"j”,‘ j=1,2,3,4 from Eq. (C.31).
b) Set formulas for o7 from Eq. (C.33).

End.
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Table 28 - Algorithm for definition of constitutive model for FRC in tension at SLS.

ROUTINE TITLE: model_FRC_SLS

INPUT:
e (lass with geometry and material data, cData.

e Variable i that defines the zone of tensile zone of the cross-section (i =1 corresponds to
unreinforced zone; i =2 corresponds to reinforced zone limited by the effective tension
zone height).

e Variable z that defines the number of divisions of the tensile zone of the cross-section.

o |

structural characteristic length of zone i .

cs,i !

OUTPUT:
e Values of Oy of the quadrilinear model, j=1,2,3,4.

e Formulas for vy, oy,; and oy; .

[)  Set partial safety factor: . =1.0.

l)  Determine serviceability residual tensile strength: f., =0.45- f;,, .
) Determine characteristic tensile strength: f,, =0.7- f_, .
IV)  Determine mean compressive strength: f_ = f, +8 .

731: 0.18

V)  Determine fracture energy: G. = 1000

VI)  Determine values for the model characteristic points:

i) Setoy; =09-fy/ye and &;; =0y, /E; .
i) Set oy,; = /7= and g,; =0.15%o.

i) Set oy,; = fry and g,,; =0.5/I

cs,i ®

iv) Determine ultimate crack opening for zone based on Eq. (2.18) and considering.

£, =0.02 1 w,; =min(2.5;1;-0.02).

cs,i
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W .
v) Set Og; = max(O: f.:tsk —ﬁ( thsk -0.5- fRSk +0.2- lek)j and

Eei =W, /1, -
vi) Determine type of case for SLS model:
1) Is frg < fy ?
a) No:Goto2).

b) Yes: Case=1:

E

C

G 0.8 f
b.1)Set O =0.2- fctk and £oi :f—F+(gt2,i _ ctk j
ctk " les,i

b2)Set My, =28 Wi g o
2)Set Mgy = e and Ogp; =0g; —Mgp - &g -
Ei —Cai
b.3)Set My, = 21 g
.3)Set Mgy ; —ﬁ and Dgqn; =0q; —Mgq ;i &qi-
Qi ~ 62,

b.4)Is Eoi < & ?

Yes: Set &, = é&,; +1x107%° and o,,; =Myp; - &3 +Peo ;
(Figure 15). Go to ix).
No: Go to b.5).

b.5)Determine point C coordinates):

. bDE,i _bBQ,i
i ™ m m and O¢; =Mpe; " Ec; +0pe; -
BQ,i ~ '''DE,i

b.6)ls &.; <&, !
No: Set oy, =0 ; and &;; = & (Figure 14a). Go to ix).
Yes: Set o, =0,,,; and &, = &,,; +1x107"° (Figure 16). Go
to ix).

~O%u %12 "0u ,

2) Check if Case=2 or 3. Is T4
S~ €y Sip — €&y
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4)

a) Yes: Case=2. Go to viii);

b)

and g,, =&,

2 _
O =0y t > and &,; =&,; +

No: Case=3. Go to vii).

vii) Determine point A" : &, =0.9- f, and ¢, :O-A% ,and set o,,; = o,

viii) Determine mid-point between point B and D (Figure 14a,b). Set

O — Oy S ~ Ghoii

2

ix) If Z=2: Set formulas for tensile stress at division of tensile zone, oy, . , from
Eq. (C.32).

x) Value of i ?

i=1:

a)

b)

Set formulas for distance between cross-section top edge and end of each

quadrilinear branch of the model, Py j=1,2,3,4from Eq. (C.19).
Set formulas for distance between neutral axis and end of each quadrilinear
branch of the model, Yiu j=1,2,3,4from Eq. (C.21) and

Yiuv: J=12,3,4from Eq. (C.22).

Set formulas for stress corresponding to the distance Yiur o a;u from

Eqg. (C.26), respectively.

Set formulas for Gy 1=212,3,4 from Eq. (C.27).

i=2:

c)

Set formulas for p,. .. (EqQ. (C.20)), V.. (EQ. (C.23)), &, (Eq. (C.24))

and o, (Eq. (C.32)).

Set formulas for distance between cross-section top edge and end of each

quadrilinear branch of the model, P j=1,2,3,4from Eq. (C.19).
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f)  Set formulas for distance between neutral axis and end of each quadrilinear

branch of the model, Yijrs 1=1,2,3,4from Eq. (C.30) and

Yo", j=1,2,3,4from Eq. (C.31).
d) Set formulas for 2" from Eq. (C.33).

tj,r

VIl)  End.

D.5 Calculate neutral axis position and curvature for cross-section under bending and axial force

In the following section are presented the algorithm used to calculate the neutral axis position and
curvature, considering the acting bending moment, M , and axial force N in the FRC or RC cross-

section. This calculation routine is based on the plain section analysis presented in section 3.2.

In Table 29 is presented the main algorithm of the calculation routine, which calls the routines that
defines the formulas of the constitutive models, equilibrium and compatibility equations, as well as

the routine that resolves the equilibrium equations.

Table 29 - Algorithm to determine neutral axis and curvature of a FRC or RC cross-section.

ROUTINE TITLE: Calc_section

INPUT:
e C(Class with geometry and material data, cData.

e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC.

e Variable that defines type of limit state analysis to be performed, Analysis_type
=ULS/SLS.

e Variable corresponding to the creep coefficient, ¢, .

e Bending moment, M, , and axial force, N, .

OUTPUT:
o Neutral axis, X.

e Curvature, y.

e Stresses, strain forces and depth of forces in characteristic points of the cross-section.

[)  Define concrete compressive constitutive model. Call model _SigmaC(Analysis_type,

., cData).
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) If A,,>0vA, ,>0 :Set j=1.Call model_SigmaS( j, Analysis_type, cData).
) If A, ,>0vA, ,>0 :Set j=2.Call model_SigmaS( j, Analysis_type, cData).

IV)  Check type of analysis to be performed: Is CS_type =FRC ?
i) Yes:GotoV).
i) No:Set z=0. Go to VI).

V) Define FRC tensile constitutive model:

i) Check if longitudinal conventional tensile reinforcements are adopted in the cross-

section. Is (MEd >0AA,,=0nA,, :O)v(MEd <0AA,;=0nA,, :O) ?

Yes: z=1.
No:z=2.
ii) Define formula for the height of effective tensile zone. Call routine

Calc_effective_height(cData).

iii) Determine structural characteristic length. Call routine

Calc_structural_length(cData). If z =1, retrieve 1% . If Z=2 , retrieve I3, and
I -
iv) Set i=1.

v) Define structural characteristic length for zone i :

ifi=1:1,, =Is.

fi=2:1,,=I.
vi) Isi1<z27?

Yes: Go to vii).

No: Go to VI).

vii) Check value of Analysis_type ?

a) Analysis_type = SLS: Call routine model_FRC_SLS(cData, i, z, 1 ;).

b) Analysis_type = ULS: Call routine model_FRC_ULS(cData, i, z, 1)
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vii) 1=1+1 . Gotov).

Vl)  Define equilibrium equations in the cross-section. Call Formula_Forces(cData, z,

CS_type, N, ) and Formula_Moment(cData, z, CS_Type, M, Ng, /.

VIl)  Define compatibility equations in the cross-section. Call Formula_Compatibility().
VIll)  Resolve equilibrium equations. Call resolve_x_curvature( My, ). Return neutral axis

position, X, and curvature, y .

X)  Import data of resolution of equilibrium and compatibility equations (stresses, strains,

forces, depth of forces) to cData.

X)  End.

In Table 30 and Table 31 are presented the subroutines to define the formulas of the equilibrium

equations for a FRC and RC cross-section.

Table 30 - Algorithm to set the formulas for forces in a FRC cross-section.
ROUTINE TITLE: Formula_Forces

INPUT:
e (lass with geometry and material data, cData.

e Variable z that defines the total number of divisions of the tensile zone of the cross-section.
e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC.
e Axial force, N .

OUTPUT:
e  Formula for sum of forces in the cross-section.

I)  Define formulas for concrete in compression forces in the cross-section according to

Eg. (C.8).

Il)  Define formulas for reinforcement steel bars forces in the cross-section according to

Eq. (C.14).
) Check type of cross-section to be analyzed. Value of CS_type?
i) CS_type=FRC. Go to IV).

i) CS_type=RC. Set F , =F,

t,u,v

=F,=0.GotoV).
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IV)  Define formulas for FRC in tension forces in the cross-section according to Eq. (C.35).

V) Define formula for sum of forces in cross-section according to Eq. (C.1), considering the

value of N .

Vl)  End.

Table 31 - Algorithm to set the formulas for forces depth and moments in a FRC cross-section.

ROUTINE TITLE: Formula_Moments

INPUT:
e C(Class with geometry and material data, cData .

e Variable z that defines the total number of divisions of the tensile zone of the cross-section.
e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC.

e Axial force, N and bending moment, M .

OUTPUT:
e  Formula for sum of moments in the cross-section.

I)  Define formulas for depth and moment of forces for concrete in compression in the cross-

section according to Eq. (C.9) and Eq. (C.11).

Il)  Define formulas for depth and moment of forces of reinforcement steel bars in the cross-

section according to Eq. (C.15) and Eq. (C.16).

) Check type of cross-section to be analyzed. Value of CS_type?
i) CS_type=FRC. Go to IV).
i) CS_type=RC. Goto V).

IV)  Define formulas for depth and moment of forces of FRC in tension in the cross-section

according to Eq. (C.36) to Eq. (C.39).

V) Define formula for sum of moments in cross-section according to Eq. (C.1), considering

the value of M and N .

V)  End.

In Table 32 is presented the algorithm that defines the formulas of the compatibility equations in the

cross-section, based on Eq. (C.2).
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Table 32 - Algorithm to set the formulas compatibility equations.

ROUTINE TITLE: Formula_Compatibility

INPUT: not applicable

OUTPUT:
e Formulas for compatibility equations in the cross-section.

[)  Define formula for top and bottom fibers of the cross-section:

gtop =—xX

Epot = gtop +x- h

gtop

[l)  Define formula for curvature of the cross-section: y = —

)  End.

In Table 33 is presented the algorithm that is used to resolve the equilibrium equations and find the
solution for the neutral axis position, X, and cross-section curvature, y , for a given acting bending
moment, M . This procedure resorts to Microsoft Excel Solver algorithm to apply an iterative approach

to find the solution for the problem (min(x,;()), given  specific  constraints
(D F=N;>M=M).

Table 33 - Algorithm to resolve the equilibrium equations and find solution for neutral axis position
and cross-section curvature.

ROUTINE TITLE: resolve x_and_curvature

INPUT Bending moment, M, .

OUTPUT:
e Neutral axis, X ;

e Curvature, y .

[)  Setchanging variables equal to neutral axis and curvature: changing variables = x; y .

ll)  Set objective function equal to the sum of the neutral axis and curvature: objective =
min(x+x).
[ll)  Set constraints of the iterative model based on the equilibrium equations Eq. (C.1).

IV)  Setinitial values of neutral axis and curvature equal to:

277



Advanced tools for design and analysis of fiber reinforced concrete structures

V)  Setilter = 1.

VI)  Set maximum number for changing the initial values of iterative algorithm,

niterMax = 20.
VIl)  Call Excel Solver module. Return state variable of convergence Solver_out.
VIII)  Convergence check: Value of Solver_out?

i) Solver_out = OK : End.

i) Solver_out =KO and ilter < nlterMax : Change initial solution: X =ilter - % and

2-¢ 2-¢ ] ]
M_, >0:y=—:M_, <0: y=——"  Setilter =ilter +1. Go to VII).
T R A T )

iii) Solver_out=KO andilter > nlterMax : No convergence. Send error message. End.

D.6 Determination of moment-curvature relationship

In the following section are presented the algorithms used to calculate the resisting moment vs.
curvature relationship of a FRC or RC cross-section under bending without axial force. The calculation
procedure resorts to an iterative approach to determine the neutral axis position in the cross-section,
considering an incremental strain value of the top fiber of the cross-section. At each strain increment,
the height of the effective tensile zone of the cross-section is updated. After resolution of the
equilibrium equations, the curvature of the cross-section is determined from the compatibility

equations (Eq. (C.2)).
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Table 34 - Algorithm to determine the moment-curvature relationship of a FRC or RC cross-section.

ROUTINE TITLE: Calc_M_curv

INPUT:
e (lass with geometry and material data, cData .

e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC;
e Variable that defines type of limit state analysis to be performed, Analysis_type =

ULS/SLS .

OUTPUT:
e Relationship of M vs. y of the cross-section.

[)  Define concrete compressive constitutive model. Call model_SigmaC(Analysis_type ,

D ,CData).
n If A, ,>0vA, ,>0 :Set j=1.Call model_SigmaS( j, Analysis_type, cData).
m It A, ,>0vA, ,>0 :Set j=2.Call model_SigmaS( j, Analysis_type, cData).

IV)  Check type of analysis to be performed: Is CS type ="FRC”?
i)  Yes:GotoV).
i)  No:Set z=0. Goto VI).
V) Define FRC tensile constitutive model:
i) Check if longitudinal conventional tensile reinforcements are adopted in the cross-
section. Is A, ; =0AA; ,=07
1) Yes:z=1.
2) No:z=2.

i) Define formula for height of effective tensile zone. Call routine

Calc_effective_height(cData).

iii) Determine structural characteristic length. Call routine

Calc_structural_length(cData). If z =1, retrieve 1% . If z=2 , retrieve I3, and
I -

iv) Seti=1.
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Vi)

viI)

Vi)

1X)

X)

XI)

Xll)

XI1)

v) Define structural characteristic length for zonei :

Fi=1:1,=1s.
Fi=2:14,=1.
vi) Isi1<2?

1) Yes: Go to vii).
2) No: Go to VI).
vii) Check value of Analysis_type ?

1) Analysis_type = SLS: Call routine model_FRC_SLS(cData, i,z, I_.).

1 Yes,i

2) Analysis_type = ULS: Call routine model_FRC_ULS(cData, i, z, I )

viii) i=i+1.
ix) Gotov).

h
Set initial values of solution: X, ;, = E[m] :

Set x=x_. and M =0 .

init
Read N from cData: N =N, -
Define equilibrium equations in the cross-section. Call Formula_Forces(cData, z,
CS_type, N ) and Formula_Moment(cData, z, CS_type,M , N ).
Define equilibrium equations in the cross-section. Call Formula_Compatibility().
Is N=0:

i) No: g, =0.

i) Yes: Determine strain in the cross-section when submitted to axial force only

Strain_Axial_Force(N). Return ¢, .

Set ¢

. £
o, = &y and strain increment equal to: &, === .
p inc 30

Set strain at top fiber ¢, =&

top + ginc )
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XIV)  Check if concrete in compression fails:

) If g

op < Equs - Failure. End.

i) If &,, > &, : Proceed to step XV)

XV)  Set maximum number of iterations in each strain increment for changing the initial values

of iterative algorithm, nlterMax =30.

XVI)  Resolve equilibrium equations. Call resolve_x( x, nlterMax ). Return convergence

check, conv_check, neutral axis position, X, and respective moment, M .

XVIl)  Import data of resolution of equilibrium and compatibility equations (curvature, stresses,

strains, forces and depth of forces) to cData.
XVII)  Test convergence: Value of conv_check?
i) conv_check=KO: Send error message. End.
i) conv_check=0OK :

1) 1f CS_type =FRC: Check failure of FRC is reached. Call

check_FRCfailure(cData) and return variable FRC_failure_check:
a) If FRC failure_check=Yes: End.
b) If FRC_failure_check =NO: Proceed to step 2).

1 c,ef ¥ ©top

2) Store results (M XN g ) in Excel worksheet.

3) Set M =0. Go to step Xll).

In Table 35 is presented the algorithm used to resolve the equilibrium equations and find the solution
for the neutral axis position, X, considering an imposed compressive strain in the top fiber of the
section, and determine respective resisting bending moment of the cross-section, M . This procedure
resorts to Microsoft Excel Solver algorithm to apply an iterative approach to find the solution for the

problem (min (x)) , given specific constraints (Z F=N )
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Table 35 - Algorithm to resolve the equilibrium equations and find solution for neutral axis position
and bending moment.

ROUTINE TITLE: resolve_x

INPUT:
e |[nitial values for solution, X

init *

e Maximum number of iterations, nlterMax .

OUTPUT:
e Neutral axis, X.

e Bending moment, M .

[)  Set changing variables equal to neutral axis: changing variable = x.
Il)  Set objective function equal to the sum of the forces in the cross-section equal to N :
objective= > F =N.

[l)  Set initial values of neutral axis and moment equal to:

{x=x

init

V)  Setilter=1.
V) Call Excel Solver module.
VI)  Convergence check: Value of Solver_out?

i) Solver_out = OK : Determine the resisting bending moment, M , using Eq. (C.1).

End.
i) Solver out = KO and ilter<nlterMax : Change initial solution:
X = X —1Iter - x,;, . Goto V).

iii) Solver_out=KO and ilter> nlterMax: No convergence. Send error message. End.

In Table 36 is presented the algorithm to check if tensile failure of FRC is reached, i.e. if the strain at

bottom fiber of cross-section exceeds the ultimate strain of the quadrilinear model.
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Table 36 - Algorithm to check if tensile failure of FRC is reached.
ROUTINE TITLE: check_FRCfailure

INPUT:
e (lass with geometry and material data, cData .

OUTPUT:
e State variable regarding the convergence check, FRC_failure_check .

[)  Check if longitudinal conventional reinforcements are adopted in the cross-section. Is
(M>0AA, ,=0AA, ,=0)v(M<0AA, =0AA, ,=0)?
i) Yes:
1) If &, > €., : FRC_failure_check=YES. End.
2) If g, <&,, : FRC_failure_check=NO. End.
i) No:
1) If g, > ¢, : FRC_failure_check=YES. End.

2) If g, <¢, : FRC_failure_check=NO. End.

D.7 Determination of shear resistance

In the present section are presented the algorithms to determine the shear resistance of FRC and RC

cross-sections.

The calculation routines for FRC cross-sections are based on the design assumptions provided in
section 2.5.2. For FRC cross-sections with longitudinal conventional reinforcements (only bottom
reinforcements are considered for shear resistance contribution), the two design formulations are
available in FRCcalc: the empirical based model and the model based on the VEM/SMCFT. In Table
37 is presented the algorithm of the main routine adopted for determination of the shear resistance

of FRC cross-sections.
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Table 37 - Algorithm to determine shear resistance of FRC cross-section.

ROUTINE TITLE: FRC_shear

INPUT:
e (lass with geometry and material data, cData.

OUTPUT:
e Shear resistance of FRC cross-section, V, .

I)  Check if longitudinal conventional reinforcements are adopted in the cross-section. Is

A%l_l :OAA%l_z =07
i) Yes:

1) Determine shear resistance of FRC cross-section without longitudinal reinforcement:

Call Calc_Shear_FRC_NoReinf(cData). Return V, - .
2) Vgg =Vger - End.
i) No:
1)  Determine shear resistance of FRC cross-section with longitudinal reinforcement,

based on empirical model (Eq. (2.37)): Call Calc_Shear_FRC_LongReinf(cData).

Return Vg, .
2)  Store results V, in Excel worksheet.

3) Determine shear resistance of FRC cross-section with longitudinal reinforcement
with or without transverse reinforcements, based on VEM/SMCFT model: Call

Calc_FRC_Shear_MCFT (cData). Return V., Viq ¢+ Vrgs @nd Vg

4)  Store results Vi, o, Vg 1+ Vras @nd Vi, in Excel worksheet. End.

In Table 38 is presented the algorithm to determine the shear resistance of a FRC cross-section without

longitudinal and transversal conventional reinforcements.
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Table 38 - Algorithm to determine shear resistance of FRC cross-section without longitudinal and
shear reinforcements.

ROUTINE TITLE: Calc_Shear_FRC_NoReinf

INPUT:
e (lass with geometry and material data, cData .

OUTPUT:
e Shear resistance of FRC cross-section without longitudinal and transversal reinforcements,
VRd,F *

) Determine f., basedon Eq. (2.17) and Eq. (2.16), considering w, =1.5mm.
I} Set partial safety factor equal to : - =1.5.

I} Based on Eq. (2.76) Vg, . for a rectangular cross-section:

f. -b-h
V = _Fuk = Eq. (D.1
Rd,F 1.5‘7F ag. (D.1)

V) End.

In Table 39 is presented the algorithm to determine the shear resistance of a FRC cross-section with
longitudinal conventional reinforcements, based on the empirical model (Eq. (2.37)).

Table 39 - Algorithm to determine shear resistance of FRC cross-section with longitudinal
reinforcement, based on empirical model.

ROUTINE TITLE: Calc_Shear_FRC_LongReinf

INPUT:
e (Class with geometry and material data, cData .

OUTPUT:

e Shear resistance of FRC cross-section with longitudinal and transverse reinforcements, Vg,

[)  Set partial safety factor for FRC equal to : - =1.5.

ll)  Determine d :

dsl_l ’ A%l_l + dsl_2 ’ A%l_z .
A%1_1 + A&l_z ,

a. If A;,;>0nA, ,>0:d=

b. If A, ,>0AA, ,=0:d=d ,;
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)

V)

V)

Vi)

Vi)

Vi)

1X)

X)

XI)

XI1)

XIl)

c. IfA,,=0AA,,>0:d=d,.

200

<2.0.
d[mm]

Calculate size effect factor: k =1+

&1_1 + A§1_2
b-d '

Determine longitudinal reinforcement ratio: p, =

Determine f_, based on Eqg. (2.17) and Eq. (2.16), considering w, =1.5mm .
Determine characteristic value of concrete tensile strength: f, =0.7- . .

Obtain N from cData. Set axial force equal to Ng, =—1- Ngg gpear uis -

Ed,Shear,ULS

Determine o, = Ng, /A <0.2- .
Determine Vi, . based on Eq. (2.37).
Determine v, ;, based on Eq. (2.39).

Determine Vi ¢ min

based on Eq. (2.38).

Check if Vigy p <V4

d,F,min *

a. Yes: Vpyp =Vq

d,F,min *

b. No: Proceed to step XllI).

Check if ﬁ >0:
S

w

a. No:Set Vg =0.Set Voy =V, - End.

b. Yes:

i. Determine z:

(094, ) A, +(09dy ) AL,

1. If >0n >0:z=
A, A, 0.9-d; ,-A; ;+09:d, ,-A,,

2. If A, ;>0nA,; ,=0:2=09-dg , .
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3. IfA,,=0AA, ,>0:2=09-d ,.
c. Set Ae=0.

d. Obtain NEd :NEd,Shear,ULS , VEd :VEd,Shear,ULS’ MEd :MEd,Shear,ULS and dg

from cData.

e. Determine g, from Eq. (2.49).
f.  Determine & =min ((200 +10000- ¢, ), 450) .
g. Determine ¢ (&,) according to Eq. (2.74).
h. Determine k_ according to Eq. (2.73).
i. Determine Vg, ; according to Eq. (2.71).
j. - Check if Vg ¢ >Vgy

I Yes: Vg =Vig e -

ii. No: Vg =Viys -
k. Check if Vo >V,

d.,max *

i Yes: Vg =Vg . End.

d,F,max

i. No:End.

In Table 40 is presented the algorithm to determine the shear resistance of a FRC cross-section with
longitudinal conventional reinforcements and with or without transverse reinforcements, based on the
VEM/SMCFT model. For the determination of the tensile strength of FRC is considered the model
presented in Eq. (2.54) and assuming that the post-cracking residual flexural strength f,, and f;,,

are obtained according to the standard EN 14651 [34].
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Table 40 - Algorithm to determine shear resistance of FRC cross-section with longitudinal
reinforcement and with or without transversal reinforcements, based on VEM/SMCFT model.

ROUTINE TITLE: Calc_FRC_Shear MCFT

INPUT:
e (lass with geometry and material data, cData.

e Transverse reinforcement area, A,, .

OUTPUT:

e Contribution of concrete matrix for shear resistance, Vg, . .

e Contribution of fiber reinforcements for shear resistance, Vg ; -

e Contribution of transverse reinforcements for shear resistance, Vg, .

e Shear resistance of FRC cross-section with longitudinal reinforcements and with or without

transversal reinforcements, V, .

) Set partial safety factor for FRC equal to: . =1.5.

l)  Determine d :

dsl_l ) &1_1 + dsl_2 ) '%1_2

a. If A;,>0AA, ,>0:d=
- - &1_1 + Asl_z

b. If A, ,>0AA, ,=0:d=d,.
c. IfA,,=0AA, ,>0:d=d,,.

1) Set A, = A171+A172'

IV)  Determine z:

(090, ) A, +(09dy ) AL,

a. If >0A >0:z=
Agl_l A&l_z 0'9'd51_1 : Asl_l +0'9'dsl_2 : A%l_z

b. If A, ,>0AA, ,=0:2=09-d, ;.
c. IfA;,=0AA,,>0:2=09-d,,.

V) Set Ae=0.
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Vi)

viI)

Vi)

IX)

X)

Xl)

Xll)

Xill)

XIV)

XV)

XVI)

XVI)

XVII)

XIX)

XX)

XXI)

XXIl)

Obtain NEd :NEd,Shear,ULS 1 VEd :VEd,Shear,ULS’ MEd :MEd,Shear,ULS and dg from

cData.

Determine transverse reinforcement ratio: :&V/ : :
etermine transverse reinforcement ratio: p, b.s.sing

Determine longitudinal reinforcement ratio: p, = &%_d :
Determine kdg according to Eq. (2.45).
Set formulas for kv(g_x) according to Eq. (2.44).

Set formula for 8 = 6,;, according to:

0= min((29°+7000-g_x),45°> Eq. (D.2)

Set formula for v, . according to Eq. (2.43): Vg . = min(kv- fo ,8).
Set formula for w, (;X) according to Eq. (2.70).

Obtain fg,, and f., from cData.

Set ¢ =5/12 and k; =0.6.

Set formula for &(w; ) according to Eq. (2.55).
Set formula for f,, (wu) according Eq. (2.54).
Set k,, =0.8.

Set formula for v, ; according to Eq. (2.53).

Set formula for Vg, ¢

according to Eq. (2.42).

Obtain ﬁ o and fWyd from cData.
S

w

Check if ﬁ >0:
S

W

a. Yes: Set formula for Vy, . according to Eq. (2.71).
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b. No: Set Vg, =0.
XXIII)  Set formula for Vi, according to Eq. (2.41).
XXIV)  Set formula for &, (8) according to Eq. (2.48).
XXV)  Run iterative procedure:

wyk

10-E.°

S

i) Set initial values of g_x =

ii) Set changing variables: changing variables =g_x .

iii) Set objective function: objective = &, —&, <1x107° .
iv) Set constraints of the iterative model: 0.0 < 5_x <0.003.
v) Call Excel Solver module.

vi) Convergence check: Value of Solver_out?

a) Solver_out = OK : Go to XXVI).

b) Solver_out=KO: No convergence. Send error message. End.

v
XXVI)  Determine concrete matrix contribution to shear resistance Vi, , =—"%-z-b.

C

. _Vrd,f
XXVIl)  Determine Vgy ( =——-Z-b .

c

XXVIIl)  Determine 7, according to Eq. (2.75).
XXIX)  Determine &, according to Eq. (2.74).
XXX)  Determine k_ according to Eq. (2.73).

XXXI)  Determine V.

Rd,max

based on Eq. (2.72).

XXXIl)  Check if Vi, >V,

d.,max *

) Yes: Vgy =V4 . End.

d ,max
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i)  No: End.

In Table 41 is presented the algorithm of the main routine to determine the shear resistance of a RC

cross-section.

Table 41 — Algorithm to determine shear resistance of RC cross-section.

ROUTINE TITLE: RC_shear

INPUT:
e C(Class with geometry and material data, cData.

OUTPUT:
e Shear resistance of RC cross-section, Vy, .

) Check if transverse reinforcements are provided. Is A, =0 ?

i) Yes: Determine shear resistance of RC cross-section without transverse reinforcements,

based on Level Il of approximation: Call Calc_Shear RC Ved(cData). Return V. . Set

Rd,c*

VRd ZVRd,c :

i) No: Determine shear resistance of RC cross-section with transverse reinforcements based
on Level Ill of approximation: Call Calc _Shear RC Ved and Vwd(cData). Return
VRd,c’ VRd,s and VRd :

l) End.

In Table 42 is presented the algorithm to determine the shear resistance of a RC cross-section with
longitudinal reinforcements (only bottom reinforcements are considered) and without transverse

reinforcements, that is based on the level of approximation Il presented in §7.3.3.2 MC2010 [30].
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Table 42 - Algorithm to determine shear resistance of RC cross-section with longitudinal
reinforcement.

ROUTINE TITLE: Calc_Shear RC_Vcd

INPUT:
e (lass with geometry and material data, cData.

OUTPUT:
e Shear resistance of RC cross-section with longitudinal reinforcements and without

transverse reinforcements, V,_, .

[)  Set partial safety factor for FRC equal to y, =1.5 :

ll)  Determine d .

dsl_l ) &1_1 + dsl_2 ' 'A%l_z

a. If A;,>0AA, ,>0:d=
- -2 &1_1 + A%l_z

b. If A§1_1>0/\'A%1_2:0:d :dsl_l.
C. IfALl:O/\ALZ>OZd :dslfz'
1) Set A, = A¥171 + ALZ'

IV)  Determine z:

(O'Q'dsl_l)z ' Asl_l +(O-g'dsl_z )2 ’ AS1_2 .

a. If >0 >0:z=
A4 AR 0-9'd51_1 Ay +0.9-dsl_2 A,

b. If A, ,>0AA, ,=0:d=09-d,.
c. IfA,,=0AA, ,>0:d=09-d, ,.
V) Set Ae=0.

Vi) Obtain NEd = NEd,Shear,ULS ) VEd :VEd,Shear,ULS’ MEd = MEd,Shear,ULS and dg from

cData.

VIl)  Determine kdg according to Eq. (2.45).

VIll)  Determine &, according to Eq. (2.48).
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IX)  Determine k, according to Eq. (2.44).
X)  Determine v, . according to Eq. (2.43): vy, = min(kv- fo )

X

) Determine V, . according to:

V
Vigo =—22 b2 Eq. (D.3)

C

Xll)  End.

In Table 43 is presented the algorithm to determine the shear resistance of a RC cross-section with
longitudinal (only bottom reinforcements are considered) and transverse reinforcements, that is based
on the level of approximation Ill presented in §7.3.3.3 MC2010 [30].

Table 43 - Algorithm to determine shear resistance of RC cross-section with longitudinal and
transverse reinforcements.

ROUTINE TITLE: Calc_Shear RC Vcd and_Vwd

INPUT:
e (lass with geometry and material data, cData.

OUTPUT:

® Contribution of concrete matrix for shear resistance, Vg, .

e Contribution of transverse reinforcements for shear resistance, Vy, ;.

e Shear resistance of RC cross-section with longitudinal and transverse reinforcements, Vg, .

) Set partial safety factor for RC equal to: y, =1.5.

ll)  Determine d :

’ A%l_l + dsl_2 ’ A%l_z
A51_1 + &1_2

dsll
d. If A, >0nA, ,>0:d=—

e. If A,,>0nA, ,=0:d=d, ,.
. IfA,,=0AA, ,>0:d=d, ,.

) Set A = A§1_1 + A§1_2'

IV)  Determine z:
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(094, ) A, +(09:0, ) A,

a. IfA;,>0nA, ,>0:z=

b. If A,,>0AA, ,=0:d=09-d, ,.
c. IfA,,=0AA, ,>0:d=09-d, ,.

V) Set Ae=0.

VI)  Obtain Ngy = Ngg shears + Ved =Veashearus: Meg

cData.

VIl)  Obtain ﬁ o and fWy0| from cData.

w

VIll)  Determine kdg according to Eq. (2.45).

IX)  Set formulas for kv(<9_x) according to:

Rd,max

X)  Setformula for 8 =6,,, according to:

6 =min ((200 +10000-%, ), 450)

Xl)  Set formula for v, = according to Eq. (2.43).

Rd,c

Xll)  Set formula for V

Rd,c

according to Eq. (D.3).
XIll)  Set formula for 7, according to Eq. (2.75).
XIV)  Set formula for 51(5_x) according to Eq. (2.74).
XV)  Set formula for k, according to Eq. (2.73).
XVl)  Set formula for Vo max according to Eq. (2.72)

XVII)  Set formula for V, ( according to Eq. (2.71).

XVIIl)  Set formula for Vi, according to:

0.9 dsl_l ' Asl_l +0.9- dsl_2 : A%l_z

:MEd,Shear,ULS and dg from

=—2% 1 _VYu |59 Eq. (D.4)
1+1500-£, | Vagm (6)

Eq. (D.5)
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A :VRd,.c +VRd, Eq. (D.6)

S

XIX)  Set formula for &, (8) according to Eq. (2.48).
XX)  Run iterative procedure:

oy

10-E.°

S

i) Set initial values of g_x =

ii) Set changing variables: changing variables :5_x .
iii) Set objective function: objective = &, —¢, <1x10° .
iv) Set constraints of the iterative model: 0.0 < 5_x <0.003 .

v) Call Excel Solver module.
vi) Convergence check: Value of Solver_out?
a) Solver_out = OK : Go to XXI).
b) Solver_out=KO: No convergence. Send error message. End.

XXI)  Check if Voy >V, ;

Rd.,max

) Yes: Vg, =V, . End.

d,max

i) No: End.

D.8 Calculation of bond transfer length and crack spacing

In Table 44 is presented the routine to determine the bond transfer length and the mean crack spacing

of a FRC and RC cross-section, considering the methodology presented in section 2.5.5.
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Table 44 - Algorithm to determine the bond transfer length in a FRC and RC cross-section.

ROUTINE TITLE: Calc_Ismax

INPUT:
e (lass with geometry and material data, cData.

e Serviceability residual tensile strength, f_. .
e Distance between neutral axis and bottom fiber of cross-section, Y .

e Acting bending moment, M, .

OUTPUT:
e Bond transfer length, |

s,max *

e Mean spacing between cracks, s .

e Reinforcement ratio of effective tensile zone, p, . .

[)  Determine height ~ of  effective  tensile  zone based on routine
Calc_effective_height(cData), considering the distance between neutral axis and

bottom fiber of cross-section, y . Return h_ . .

b.

c.ef

) Determine area of effective tensile zone: A, =h
Il Set A . =0.Determine reinforcement area inside effective tensile zone:
i) If Mg, >0:
i If hc’ef >C ! A=A +A&1_1-
i I h g >C 50 Ay =Axg AL,
ii. |If hcvef > h—cz_1 A=A +A2_1.
iv. Ifh g >h-c,, 1 Agx=Ax+A,,
i) If Mg, <O:
i If hcyef >C, A=A +A§2_l.
i fh>C Ay =Ag+A,,.

ii. fhy>h—c @ Ag=Ag+A
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v. fhe>h—c , 1 Ay=Ag+Ai,

iii) If A, =0 Send error message. End.

— A%,ef

IV)  Determine reinforcement ratio of effective tensile zone: p; = AL
ef

V) Set empirical value to consider influence of concrete cover, k =1.0.

VI)  Read loading type and cracking stage from cData. Determine 7, ( f,) according to
Table 3.

Vi) I f f =0.

ctm

fum <O set f

Ftsm Ftsm

VIIl)  Determine |, . based on Eq. (2.177).
IX)  Determine mean crack spacing, s =1.5-1, ...

X)  End.

D.9 Determination of design crack width at SLS

In Table 45 and Table 46 are presented the algorithms to determine the design crack width of the
FRC and RC cross-sections, considering the load combination corresponding to cracking serviceability

criteria. The calculation procedure is based in the methodology presented in section 2.5.5.

Table 45 — Main algorithm to determine the design crack width of a FRC and RC cross-section at
SLS.

ROUTINE TITLE: Calc_crack_width_SLS

INPUT:
e (lass with geometry and material data, cData.

e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC.

e Variable corresponding to the creep coefficient, ¢, .

e Bending moment, M corresponding to the load combination corresponding to the

Ed,crack ?

cracking serviceability criteria.
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OUTPUT:
e Design crack width, w; .

[) Set Analysis_type=SLS.

Il) Call Calc_Section(CData, CS_type, Analysis_type, ¢,, M ). Return 'y and

Ed,crack

stress in steel longitudinal reinforcements (o, 1=1_11_2,2_1,2_2).

[l)  Type of cross-section in analysis. Check CS_type value:

i) If CS_type=FRC: Determine serviceability residual tensile strength,

~0.45-
Ftsm 07 )
i) If CS_type=RC: Set f.,, =0.
IV) Determine bond transfer length I, . Call routine Calc_Ismax(cData, f.,,Y,

MEd,crack)' Retum Is,max' ps,ef and hc,ef'

V) Determine design crack width w, . Call routine Calc_crack_width(cData, f.,, oy,

Is,max’ ps,ef' hc,ef' MEd,crack)'

Table 46 - Algorithm to determine the design crack width of a FRC and RC cross-section.

ROUTINE TITLE: Calc_crack_width

INPUT:
e C(Class with geometry and material data, cData.

e Serviceability residual tensile strength, f

Ftsm *

e Stress of steel longitudinal reinforcements, o

si !

i=1_11_22_12_2.
e Bond transfer length, I, .
» Reinforcement ratio in the effective tensile zone, p, -

o Height of the effective tensile zone, h_ . .

e Acting bending moment, M, .

OUTPUT:
e Design crack width, w; .
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) Read variable corresponding to the creep coefficient, ¢, , from cData.

)  Determine concrete effective modulus accordingto E_ ;. = 5,

(1+(pc)'

) Determine modular ratio: o = % .
C

IV)  Determine o, accordingto Eq. (2.112).
V) Read shrinkage strain, &, from cData.

Vl)  Read loading type and cracking stage from cData. Determine 77, and /S according to

Table 3.

VIl)  Determine o:

a. If M, >0:
LIfA,>0nA, ,>0:

Os1° 'A%1_1 t0g 5 &1_2

A&l_l + Asl_z

L Ifhg>c ,Ahg>c ,000= ; Go to VIII).

S

2. Ifh 4 >c o =0y, ;Goto V).
3. Ifh g >c ,: o,=0, ,;GotoVl).
i. IfA;,>0:0,=0,,;GotoVI).
ii. IfA,,>0:0,=0,,;GotoV).
b. If Mg <0 :

LI A, ; >0AA, ,>0:

O 1" ’Kz_l +05, 5 &2_2

&2_1 + A%z_z

L If h>c, Ah,>cC, 0 O,= ; Go to

vin).

2. Ifhy >C,,: 0, =0, , ;GotoVIl).

c,ef S
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3. Ifh>c, ,: o,=0, ,;Goto V).
i. IfA,,>0:0 =0, ,;GotoV).
ii. IfA,,>0:0,=0,,;GotoVl).

VIll)  Determine &, —&,, — &, according to Eq. (2.120).

IX)  Determine design crack width w;, according to Eq. (2.119).

X)  End.

D.10 Determination of moment-crack width relationship

In Table 47 is presented the algorithm that determines the moment vs. crack width relationship for a
FRC and RC cross-section. The calculation procedure resorts to an iterative approach to determine
the neutral axis position and bending moment in the cross-section, considering at each step an
incremental value of the top compressive fiber strain. At each strain increment, the height of the
effective tensile zone of the cross-section is updated. After resolution of the equilibrium equations, the
tensile stress is determined, and the bond transfer length and design crack width are calculated based

in the methodology presented in section 2.5.

Table 47 — Algorithm to determine moment-crack width relationship of FRC and RC cross-section.

ROUTINE TITLE: Calc_M_crack

INPUT:
e (lass with geometry and material data, cData.

e Variable that defines type of cross-section to be analyzed, CS_type = FRC/RC;

OUTPUT:
e Relationship of M vs. w of the cross-section.

) Read variable corresponding to the creep coefficient, ¢_ , from cData.

ll)  Set analysis state to SLS: Analysis_type=SLS.

ll)  Define concrete compressive constitutive model. Call model_SigmaC(Analysis_type ,

., cData).
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%

V)

Vi)

Vi)

If A, ,>0vA, ,>0 :Set j=1.Call model_SigmaS( j, Analysis_type, cData).
If A, ,>0v A, ,>0 Set j=2.Call model_SigmaS( j, Analysis_type, cData).

Check type of analysis to be performed: Is CS_type =FRC ?
i) Yes:GotoVll).

i) No:Set f_. =0and z=0 . Goto VIll).

Ftsm

Define FRC tensile constitutive model:

) Determine fgg, :% :

i) Check if longitudinal conventional tensile reinforcements are adopted in the

crosssection. Is A, ; =0AA, ,=07
1) Yes: z=1.Gotoiv).
2) No: z=2.Go toiii).

iii) Define formula for height of effective tensile zone. Call routine

Calc_effective_height(cData).
iii) Determine structural characteristic length. Call routine
Calc_structural_length(cData). Retrieve 1% and/or I .
iv) Seti=1.

v) Define structural characteristic length for zone | :

1 — . __qu
1=1:1,;=I.

=21, =1
vi) Isi<z?
Yes: Go to vii).
No: Go to VIII).
vii) Call routine model_FRC_SLS(cData, i,z, 1_.).

v Tes,i

viii) 1=1+1.
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XIX)

vill)

1X)

X)

XI)

XI1)

Xill)

XIV)

XV)

XVI)

Vi)

Xvill)

XIX)

ix) Go tov).

Read N from cData: N =N

Ed,crack *

Determine moment at crack initiation. Call Calc_M_crack init(cData, N ). Return

M Xcrack a nd gt

crack ? op,crack *

Set initial values of solution: X

init — Xcrac

. and M =0.

Define equilibrium equations in the cross-section. Call Formula_Forces(cData, z,

CS_type, N ) and Formula_Moment_FRC(cData, z, CS_type, M, N ).

Define equilibrium equations in the cross-section. Call Formula_Compatibility().

Set X=X, -
Set = and strain increment equal to: &, . = Les
gtop - ‘9t0p,crack q * Cinc T

Set strain at top fiber &, = &, + & -

top
Check if concrete in compression fails:

i) If g

op < Eeus Failure. End.

i) If &,, > &, : Proceed to step XV).

Set maximum number of iterations in each strain increment for changing the initial values

of iterative algorithm, nlterMax =30.

Resolve equilibrium equations. Call resolve_x(x,nlterMax). Return convergence

check (conv_check), neutral axis position, x, moment, M .

Import data of resolution of equilibrium and compatibility equations (curvature, stresses,

strains, forces and depth of forces) to cData, namely o ,i=1_11_2,2_1,2_2 and

i
y.
Test convergence: Value of conv_check?

i) conv_check=KO. Send error message. End.

i) conv_check=0K
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1) If  CS_type=FRC: Check failure of FRC is reached. Call

check_FRCfailure(cData) and return variable FRC_failure_check:
a) If FRC_failure_check=Yes: End.
b) If FRC_failure_check =NO: Proceed to step 2).
2) Determine bond transfer length I, . Call routine Calc_Ismax(cData, f.,,
y, M).Retun I, ., p and h_ .

3) Determine design crack width w; . Call routine Calc_crack_width(cData,

thsm ! Gsi’ Is,max’ps,ef ! hc,ef’ M )

4) Store results (M RN & |

1 Vc,ef 1 “top

) in Excel worksheet.

5) Set M =0. Go to XIV).

D.11 Determination of bending moment corresponding to crack initiation

In Table 48 is presented the algorithm to determine the bending moment corresponding to crack
initiation of a FRC and RC cross-section with axial force. In this particular case, as the pre-cracking
stress-strain relationship for FRC is independent of the structural characteristic length is adopted a
unique stress-strain relationship for FRC in tension (i. e. z =1), even if longitudinal conventional steel

reinforcements are adopted.
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Table 48 - Algorithm to determine the moment at crack initiation.

ROUTINE TITLE: Calc_M_cracking

INPUT:
e (lass with geometry and material data, cData.

e Axial force, N .

OUTPUT:
e Bending moment at crack initiation, M

crack *

e Position of neutral axis at crack initiation, X

crack *

e Strain of top fiber of cross-section at crack initiation, &, . -

[)  Define concrete compressive constitutive model. Call model_SigmaC(Analysis_type ,

@, , cData).

1A, ,>0vA, ,>0 :Set j=1.Call model_SigmaS( j, Analysis_type, cData).
m If A, ,>0vA, ,>0 :Set j=2.Call model_SigmaS( j, Analysis_type, cData).
V) Define FRC/RC tensile constitutive model:

) Setz=1.

ii) Call routine model_FRC_SLS(cData, i, z, I).
V)  Set CS_type=FRC.
V) Set M =0.

VIl)  Define equilibrium equations in the cross-section. Call Formula_Forces(cData, z,

CS type, N )and Formula_Moment(cData, z, CS type, M, N ).
VIIl)  Define equilibrium equations in the cross-section. Call Formula_Compatibility().
IX)  Set maximum number of iterations, nlterMax =30.

X)  Set g, =&, =0.15%o.

XI)  Set formulas:
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Z:@
y Eq. (D.7)
Eigp = X+ X

XIl)  Resolve equilibrium equations. Call resolve_x( x, nlterMax ). Return convergence state

variable (conv_check), neutral axis position, x, moment, M .

X))  Set M =M and x

crack

=X.

crack

XIV)  Determine ¢

top,crack

based on Eq. (D.7).

XV)  End.

D.12 Verification of stress limitation criteria

In Table 49 is presented the algorithm adopted to verify the stress limitation criteria at SLS verification
of FRC and RC cross-sections. The calculation procedure is based on methodology presented in

section 2.5.4.

Table 49 - Algorithm of routine of stress limitation serviceability verifications.
ROUTINE TITLE: Calc_FRC_stress_limitation

INPUT:
e (lass with geometry and material data, cData .

e Variable that defines type of cross-section to be analyzed, CS #ype = “FRC” or “RC”.

e Variable corresponding to the creep coefficient, ¢, .

e Bending moment, M and axial force, N corresponding to the characteristic

sd,char ! sd,char ?

load combination.

e Bending moment, My ... and axial force, N .. corresponding to the quasi-

permanent load combination.

OUTPUT:
e Variables of state of SLS verifications:  Check_Conc_Stress_Char,

Check_Conc_Stress_QPerm, Check_Steel Stress_Char and
Check_FRC_Stress_Char.

I)  Set Analysis_type=SLS.
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Il

1)

Verification of concrete compressive stress limitation:
) Call Calc_Section(CData, CS_type, Analysis_type, ¢, =0, Mgy o

NEd,char ) Return Gcl' Set Gcl,char = Jcl '

i) s <0.6-|fy] ?

o-cl,char
1) Yes: Check Conc_Stress_Char=0K.
2) No: Check Conc_Stress Char=KO.

iii) Call Calc_Section(CData, CS_type, Analysis_type, ¢=0, Mg com

Ny gperm )- Return o, Set Ot qperm = Oy -
i . ?
V) |Oyqperm| < 0-4+| Ty |

1) Yes.Check Conc_Stress QPerm=0OK.
2) No: Check Conc_Stress QPerm=KO.
Verification of steel tensile stress limitation:
i) Call Calc_Section(CData, CS_type, Analysis_type, @, Mgy qar» Neg ar )-

Return o, 1=1_11 2,2 1,2 2.

i) I Mgy gar >0
a It Ay, >0nA, ,>0:

1) Is oy ,<08-f, Aoy ,<08-f,

Yes: Check_Steel_Stress_Char=0K. Go To IV).

No: Check_Steel_Stress_Char=KO. Go To IV).
b If Ay, >0:

1) Is oy ,<0.8-f,

Yes: Check_Steel Stress Char=0K. Go To IV).

No: Check_Steel Stress Char=KO. Go To IV).
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¢ IfA,,>0:

1) Is oy ,<08-fg,

Yes: Check_Steel_Stress_Char=0K. Go To IV).
No: Check_Steel_Stress_Char=KO. Go To IV).
i) I Mgy gor <O

a It A, ,>0nA,,>0:

1) Is o, , <08 f, Ao, , <081,

Yes: Check_Steel_Stress_Char=0K. Go To IV).
No: Check_Steel Stress Char=KO. Go To IV).

b If A, ,>0:

1) Is o, ,<08-f,

Yes: Check_Steel_Stress_Char=0K. Go To IV).
No: Check_Steel Stress Char=KO. Go To IV).

c. IfA,,>0:

1) Is o, ,<08-f,

Yes: Check_Steel_Stress_Char=0K. Go To IV).

No: Check_Steel Stress Char=KO. Go To IV).
Iv)  Set f., =045-f,, and f, =071, .

V) Check if FRC has strain-hardening behavior: Is .y > f,, :

i) Yes: Verification of FRC tensile stress limitation:
1) Call Calc_Section(CData, CS_type, Analysis_type, ¢,

NEd,char )

M

Ed,char ’
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2) Check if longitudinal conventional reinforcements in tension are adopted in the

cross-section. Is

(M>0AA, ,=0AA, ,=0)v(M<0AA, ,=0AA, ,=0)7?
a) Yes:Set o, pc =0y, -
b) No:Set o, e =G4 reint -

3) 15 |0y prc| < 0.6+ frg | ?

a) Yes: Check FRC_Stress Char=0K. End.
b) No: Check FRC_Stress Char=KO. End.

i)  No: Check_FRC_Stress Char=0OK. End.
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APPENDIX E

Table 50 — Database of beams shear tests and results of theoretical models.

Sample Cross-section Concrete Passive reinforcement Experimental test MC2010_MCFT MC2010_EEN
Ref,. Code Type bw h d cm dg Vf |f /df lem fRZm fR3m fRAm Asl 1:syk Zs a/d u,exp kdg kv & 9 Wu VRd,c thum VRd,f u,model | 4 | "Fum Vu.model A
[mm] | [mm] | [mm] | MPa] |[mm]| [%] [MPa] | [MPa] | [MPa] | [MPa] | [mm? |[MPa]| [mm] [kN] - [} |fmm]| [kN] | [MPa] | [kN] [kN] MPa] | [kN]
1 B18-3a R [152.4|457.2| 381 31.0 | 10 | 1.50 54.55 6.60 | 6.31 529 | 4.45 1552 448 | 3429 3.43 | 150.76 [1.23]0.17|7.65E-04[34.36]1.06] 49.54 | 1.45 | 88.72 | 138.26 [1.09] 1.98 | 129.81 |1.16
2 B18-3b R |152.4|457.2| 381 | 31.0 | 10 | 1.50 54.55 6.60 | 6.31 | 529 | 445 1552 | 448 | 3429 | 3.43 Excluded due to possible flexural-shear failure
3 B18-3c R [152.4|457.2| 381 449 | 10 | 1.50 54.55 6.60 | 6.31 529 | 4.45 1552 448 | 3429 3.43 [ 193.32 [1.23[0.16|8.33E-04(34.83|1.13| 56.92 | 1.567 | 94.25 | 151.16 [1.28| 1.98 | 137.33 |1.41
4 B18-3d R [152.4|457.2| 381 449 | 10 | 1.50 54.55 6.60 | 6.31 529 | 4.45 1552 448 | 3429 3.43 [ 191.77 [1.23]0.16|8.33E-04[34.83]1.13] 56.92 | 1.57 | 94.25 | 151.16 [1.27| 1.98 | 137.33 |1.40
5 B27-1a R |203.2(685.8| 607 | 50.8 | 10 | 0.75 54.55 5.70 | 5.27 | 3.55 [ 2.73 2534 455 | 546.3 3.52 Excluded due to possible flexural-shear failure
6 B27-1b R [203.2]685.8] 607 | 50.8 | 10 [0.75| 54.55 | 570 | 5.27 | 355 [ 273 | 2534 | 455 | 546.3 | 3.52 [ 341.94 [1.23[0.14]8.42E:04]34.90] 1.34]108.68] 1.06 [ 134.47 [ 243.16 [1.41] 1.41 [ 249.53 [1.37
[7711 7 B27-2a R [203.21685.8| 607 | 28.7 | 10 [0.75 80.00 523 | 5.70 | 5.79 | 5.59 2534 455 | 546.3 3.52 Excluded due to possible flexural-shear failure
8 B27-2b R [203.21685.8| 607 | 28.7 | 10 | 0.75 80.00 523 | 5.70 | 5.79 | 5.59 2534 455 | 546.3 3.52 Excluded due to possible flexural-shear failure
9 B27-4a R |203.2(685.8] 607 | 29.6 | 10 | 0.75 80.00 5.86 | 5.74 | 6.14 | 5.90 1940 448 | 546.3 3.52 Excluded due to possible flexural-shear failure
10 B27-4b R [203.21685.8] 607 | 29.6 | 10 [0.75 80.00 5.86 | 5.74 | 6.14 | 5.90 1940 448 | 546.3 3.52 | 229.54 [1.23]0.12|1.08E-03|36.53|1.64| 71.86 | 1.41 | 168.64 | 240.50 [0.95 2.19 | 237.38 |0.97
11 B18-2d R |152.4({457.2] 381 38.1 | 10 | 1.00 54.55 6.60 | 6.31 529 | 445 1552 448 | 3429 3.50 153.20 |11.23]0.16|8.29E-04|34.80{ 1.13| 52.59 | 1.57 | 94.51 147.10 [1.04] 1.98 | 133.89 [1.14
12 B18-5a R |152.4[{457.2] 381 49.2 | 10 | 1.00 80.00 6.60 | 6.31 529 | 445 1552 448 | 3429 3.43 176.38 11.23]0.16|8.42E-04134.89|1.14] 59.23 | 1.56 | 93.73 | 152.96 |1.15] 1.98 | 139.32 |1.27
13 B18-56b R [152.4|457.2| 381 | 49.2 | 10 [1.00 80.00 6.60 | 6.31 | 5.29 | 445 1552 | 448 | 3429 | 3.43 Excluded due to possible flexural-shear failure
14 H1000 FRC50 R [ 250 |1000| 940 32.1 | 16 | 0.64 62.50 5.40 | 5.60 5.00 | 4.50 2513 555 846 3.00 | 289.52 |1.00{0.11[{1.03E-03[36.20{1.75[132.71| 0.97 [ 223.32 | 356.04 |0.81] 1.82 | 354.91 [0.82
15 H1000 FRC75 R | 250 [1000| 940 33.1 | 16 [ 1.00 62.50 6.00 | 6.10 6.00 | 5.50 2513 555 846 3.00 [ 367.07 |1.00{0.10{1.15E-03[37.05|1.92[125.78| 1.23 [ 274.99 | 400.78 |0.92] 2.16 | 373.60 [0.98
78] 16 H1500 FRC50 R [ 250 |1500| 1440 | 32.1 | 16 | 0.64 62.50 5.40 | 5.60 | 5.00 | 4.50 3619 518 | 1296 3.00 [ 521.28 [1.00({0.09|9.67E-04|35.77|2.06]169.69| 0.86 | 310.18 | 479.87 [1.09| 1.82 | 500.32 |1.04
17 H1500 FRC75 R [ 250 | 1500 1440 | 33.1 | 16 | 1.00 62.50 6.00 | 6.10 | 6.00 | 5.50 3619 518 | 1296 3.00 | 593.28 [1.00({0.08|1.11E-03|36.80|2.32]158.05 1.15 | 399.93 | 557.98 [1.06] 2.16 | 526.66 |1.13
18 H500 FRC50 R [ 250 | 500 | 440 | 32.1 | 16 | 0.64 62.50 5.40 | 5.60 | 5.00 | 4.50 1232 500 396 3.00
19 H500 FRC75 R [ 250 | 500 | 440 | 33.1 | 16 [0.96 62.50 6.00 | 6.10 | 6.00 | 5.50 1232 500 396 3.00 [ 235.00 [1.00]0.13]1.22E-03|37.53]1.52] 75.04 | 1.30 | 133.83 | 208.87 [1.13| 2.16 | 203.45 |1.16
20 232 R [ 200 | 300 | 260 | 40.04| 16 |0.25 66.67 1.85(*) | 1.85(*) [1.72(*) | 1.65(*)| 690 500 234 2.50 Excluded due to possible flexural-shear failure
21 233 R [ 200 | 300 | 260 |38.68 | 16 |0.76 66.67 4.6(%) [4.45(%)]3.87(*) [3.48(*)| 690 500 234 2.50 Excluded due to possible flexural-shear failure
22 24 2 R ] 200 | 300 | 260 | 40.04 | 16 | 0.25 66.67 [1.85(*)]1.85(*)[1.72(*)]|1.65(*)| 1086 | 500 234 2.50 Excluded due to possible flexural-shear failure
23 262 R | 200 | 300 | 260 |41.168| 16 | 0.25 66.67 [1.89(*)]1.88(*) [1.73(*)]1.67(*)| 1086 | 500 234 4.04 Excluded due to possible flexural-shear failure
24 2.6_3 R | 200 [ 300 | 260 [40.296| 16 | 0.76 66.67  [4.73(")]4.53(*)] 3.9(") | 3.5(%) 1086 500 234 4.04 Excluded due to possible flexural-shear failure
25 311 R | 200 | 300 | 260 [37.696] 16 [0.51| 66.67 |3.21()]3.15()]2.84() [2.61()] 1698 | 500 | 234 | 3.50 | 189.00 [1.00]0.23]5.65E-04]32.95]0.73] 65.56 | 0.74 | 42.52 | 108.08 [1.75] 1.04 [ 110.74 [1.71
26 31 1F2 R ] 200 | 300 | 260 | 38.8 | 16 | 0.51 66.67 [3.27(")] 3.2(*) [2.86(*)]2.63(*)| 1698 | 500 234 3.50 Excluded due to possible flexural-shear failure
27 312 R [ 200 | 450 | 410 |37.696| 16 | 0.51 66.67 [3.21(*)]3.15(*) [2.84(*) |2.61(*)| 2781 500 369 3.34 | 249.00 [1.00(0.22|5.05E-04]32.5310.74] 97.96 | 0.73 | 67.90 | 165.86 [1.50| 1.04 | 158.01 |1.58
28 20_50 R [ 200 | 500 | 460 | 38.8 | 16 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*)|2.63(*)| 2730 500 414 3.37 [ 272.00 [1.00{0.20|5.56E-04|32.89|0.82]103.44| 0.73 | 74.73 | 178.17 [1.53| 1.05 | 174.45 |1.56
[79]] 29 313 R [ 200 | 600 | 560 |37.696| 16 | 0.51 66.67 [3.21(*)|3.15(*) | 2.84(*) |2.61(*)| 3276 500 504 3.48 | 265.00 [1.00(0.19|5.54E-04|32.88|0.87]116.86] 0.71 | 88.87 | 205.73 [1.29| 1.04 | 203.00 |1.31
30 3.1 3F2 R [ 200 | 600 | 560 | 38.8 | 16 |0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 3276 500 504 3.48 | 383.00 [1.00]0.19]5.59E-04]32.91|10.88]118.05] 0.72 | 89.69 | 207.74 [1.84| 1.05 | 204.47 |1.87
31 8_50 T | 200 [ 500 | 460 | 38.8 | 16 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 2800 500 414 3.37 | 338.00 [1.00(0.20|5.46E-04|32.82|10.81]104.28| 0.73 | 75.11 | 179.39 [1.88| 1.05 | 174.45 |1.94
32 321 T | 200 | 500 | 460 [37.696]| 16 | 0.51 66.67 [3.21(*)|3.15(*) | 2.84(*) |2.61(*)| 2800 500 414 3.37 | 286.00 [1.00({0.20|5.41E-04|32.78|0.81]103.23| 0.72 | 74.38 | 177.61 [1.61| 1.04 | 173.20 |1.65
33 10_50 F2 T | 200 [ 500 | 460 38.8 | 16 | 0.51 66.67 3.27(")] 3.2(*) |2.86(*) [2.63(*)| 2800 500 414 3.37 | 265.00 [1.00]{0.20]5.46E-04|32.82|0.81]104.28| 0.73 | 75.11 179.39 [1.48] 1.05 | 174.45 [1.52
34 322 T | 200 | 500 | 460 [37.696] 16 | 0.51 66.67 [3.21(")]3.15(*)|2.84(*) |2.61(*)| 2800 500 414 3.37 Excluded due to possible flexural-shear failure
35 15_50 F2 T [200 [ 500 | 460 | 388 | 16 |051 | 66.67 [3.27()] 3.2¢) [2.86()[2.63()[ 2800 | 500 | 414 | 3.37 | 276.00 [1.00]0.20[5.46E:04[32.82[0.81[104.28] 0.73 | 75.11 | 179.39 [1.54] 1.05 | 174.45 [1.58
36 23_50 F2 T [ 200 [ 500 | 460 | 38.8 | 16 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 2800 500 414 3.37 Excluded due to possible flexural-shear failure
37 3.2_3 T | 200 [ 500 | 460 [37.696] 16 | 0.51 66.67 [3.21(")]3.15(*)[2.84(*) |2.61(*)| 2800 500 414 3.37 Excluded due to possible flexural-shear failure
38 32 4 T | 200 [ 500 | 460 [37.696] 16 | 0.51 66.67 [3.21(")]3.15(*)[2.84(*) |2.61(*)| 2800 500 414 3.37 Excluded due to possible flexural-shear failure
(80] 39 HSC-FRC1 R [ 200 | 480 | 435 | 61.1 | 15 | 0.64 48.39 290 | 486 | 281 | 2.65 905 512 | 3915 2.51 188.51 |1.03]0.15/9.39E-04|35.58[1.23[ 94.08 | 0.56 | 49.27 | 143.36 |1.31]| 1.02 | 146.74 |1.28
40 NSC1-FRC1 R [ 200 ]| 480 | 435 | 248 | 20 | 0.38 50.00 2.50 |2.73()| 2.40 [2.48(*)] 905 512 | 3915 251 131.51 10.89]0.17|8.18E-04|34.73/1.06| 67.54 | 0.62 | 56.13 | 123.67 |1.06] 0.87 | 11852 [1.11
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Sample Cross-section Concrete Passive reinforcement Experimental test MC2010_MCFT MC2010_EEN
Ref,. Code Type bw h d fcm dg Vf |f /df lem fRZm fR3m fRAm Asl 1:syk Zs a/d u,exp kdg kv & 9 Wu VRd,c thum VRd,f Vu,model A thum Vu.model A
[mm] | [mm] | [mm] | [(MPa] |[mm]| [%] [MPa] | [MPa] | [MPa] | [MPa] | [mm? |[MPa]| [mm] [kN] - % |mm]| kN | (MPa) [kN] [kN] [MPa] [kN]
41 NSC2-FRC1 R [ 200 | 480 | 435 | 33.5 | 20 [0.38 | 50.00 2.60 |1.82(*)[ 2.29 |1.64(*)[ 905 512 | 3915 | 2,51 | 117.01 |0.89|0.18|7.84E-04|34.49|1.02| 80.36 | 0.41 | 37.76 | 118.12 [0.99| 0.84 | 124.17 |0.94
42 NSC3-FRC1 R [ 200 | 480 | 435 | 38.6 | 20 [ 0.38 | 50.00 3.34 11.98(*) | 2.73 |1.76(*)| 905 512 | 3915 | 2,51 | 138.51 |0.89|0.17[8.21E-04|34.75|1.06 | 84.07 | 0.44 | 40.11 | 124.18 [1.12]| 1.02 | 133.02 [1.04
43 HSC-FRC2 R [ 200 | 480 | 435 | 58.3 | 15 [0.64| 78.95 6.50 | 6(*) [ 5.39 |5.01(*)[ 905 512 | 3915 | 2,51 | 220.01 |1.03|0.14[1.15E-03]|37.08|1.46| 81.09 | 1.18 | 97.74 | 178.83 [1.23| 2.01 | 170.36 [1.29
44 AO0.5% R [ 150 [ 250 | 202 | 21.3 | 16 [0.50 | 54.55 [2.81(*)|2.81(*)| 2.8(*) |2.55(*)| 400 478 | 181.8 | 2.97 | 48.04 [1.00]|0.19|8.70E-04|35.09|0.97|24.03 | 0.77 | 23.92 | 47.96 [1.00] 1.01 | 53.75 [0.89
81] 45 Al% R | 150 [ 250 | 202 | 19.6 | 16 |1.00| 5455 |3.63(*)|3.72(*)|3.73(*)]3.39(*)| 400 478 | 181.8 | 2.97 | 57.04 [1.00|0.18]9.51E-04(35.66/1.05|21.89 | 1.01 | 30.85 | 52.74 [1.08] 1.34 | 57.15 [1.00
46 B0.5% R | 300 [ 500 | 437 | 213 | 16 |0.50| 5455 |2.81(*)[2.81(*)| 2.8(*) |2.55(*)| 2000 | 429 | 393.3 | 3.09 | 159.16 [1.00{0.17|7.65E-04|34.35[1.03| 94.66 | 0.77 | 105.76 | 200.42 [0.79] 1.01 | 205.07 [0.78
47 B1% R | 300 [ 500 | 437 | 196 | 16 |1.00| 5455 |3.63(*)|3.72(*)|3.73(*)]3.39(*)[ 2000 | 429 | 393.3 | 3.09 | 202.86 [1.00{0.16|8.44E-04|34.91{1.12| 86.02 | 1.01 | 136.32 | 222.34 [0.91| 1.34 | 218.07 [0.93
[41] 48 B25-0-0-0 R [ 300 [ 700 | 622 34 10 | 0.32 | 66.67 239 | 252 | 256 [ 226 | 3694 | 540 | 559.8 | 2.81 | 282.82 [1.23[0.17[5.41E-04]|32.79/0.96166.38| 0.58 | 120.23 | 286.61 |0.99] 0.91 | 314.55 [0.90
49 B50-0-0-0 R [ 300 [ 700 | 622 36 10 | 0.64 | 66.67 6.74 | 858 | 8.07 | 791 3694 | 540 | 559.8 | 2.81 | 352.82 |1.23|0.14|7.69E-04|34.38|1.26144.07| 1.37 | 269.73 | 413.80 |0.85| 2.83 | 426.75 |0.83
50 | DI-N-HO-35-0.75 | R [ 150 [ 300 | 251 | 28.1 |12.5[0.75| 63.64 3.15 | 333 | 301 [ 269 | 1202 | 500 | 225.9 | 3.49 | 113.90 [1.12{0.22|5.79E-04|33.05/0.75]|39.88 | 0.93 | 38.88 | 78.76 |1.45| 1.09 | 77.68 [1.47
51 | DI-N-HO-35-0.75 R [ 150 | 300 | 251 25.3 112.5]0.75 63.64 3.15 | 3.33 3.01 2.69 1202 500 | 225.9 3.49 80.01 [1.12]0.22|5.68E-04|32.98|0.74] 38.18 | 0.94 | 39.07 77.24 11.04] 1.09 76.34 [1.05
52 | F-I-N-HO-35-1.50 R [ 150 | 300 | 251 28.1 112.5]1.50 63.64 5.88 | 6.30 5.26 | 4.43 1202 500 | 225.9 3.49 112.01 ]1.12]10.21|6.74E-04|33.72{0.84| 37.05 | 1.36 | 55.19 92.24 [1.21] 1.93 90.36 [1.24
53 | F-lI-N-HO-35-1.50 R [ 150 | 300 | 251 27.3 112.5] 1.50 63.64 5.88 | 6.30 5.26 | 4.43 1202 500 | 225.9 3.49 Excluded due to possible flexural-shear failure
54 | G-N-HO-60-0.50 R [ 150 | 300 | 251 27.5 112.5] 0.50 80.00 2.89 | 3.09 294 | 271 1202 500 | 225.9 3.49 65.70 |1.12|10.23[5.61E-04(32.93]|0.73| 40.01 | 0.87 | 36.31 76.33 10.86] 1.05 76.73 10.86
55 | G-I-N-HO-60-0.50 R [ 150 | 300 | 251 24.9 112.5]0.50 80.00 2.89 | 3.09 294 | 271 1202 500 | 225.9 3.49 78.13 |1.1210.23[5.51E-04|32.86|0.72 | 38.40 | 0.87 | 36.46 74.86 [1.04] 1.05 75.47 [1.04
56 I--N-HO-60-1.00 R [ 150 | 300 | 251 26.3 112.5] 1.00 80.00 440 | 498 | 481 | 4.64 1202 500 | 225.9 3.49 Excluded due to possible flexural-shear failure
[82]| 57 | KII-N-HO-60-1.00 | R | 150 | 300 | 251 | 27.1 |12.5[1.00 | 80.00 440 | 498 | 481 | 464 | 1202 | 500 | 2259 | 3.49 | 105.61 [1.12]0.21|6.63E-04|33.64]/0.83| 36.68 | 1.33 | 54.03 | 90.71 |[1.16| 1.71 | 86.88 |1.22
58 | K--M-HO-350.75 | R [ 150 [ 300 | 251 | 53.4 |125[0.75| 63.64 6.00 | 5.12 | 399 [ 324 | 1202 | 500 | 225.9 | 3.49 | 113.90 [1.12{0.20|7.45E-04]|34.21|10.91]| 4852 | 1.35 | 53.79 | 102.31 |1.11] 1.56 | 94.99 [1.20
59 | KI-M-HO-35-0.75 | R [ 150 [ 300 | 251 | 54.1 |12.5[0.75| 63.64 6.00 | 5.12 | 399 [ 324 | 1202 | 500 | 225.9 | 3.49 | 126.70 [1.12]0.20|7.46E-04]|34.22|10.91]|48.79 | 1.35 | 53.74 | 102.52 |1.24] 1.56 | 95.28 [1.33
60 | P--M-HO-35-1.50 | R [ 150 [ 300 | 251 | 64.6 |12.5[1.50 | 63.64 852 | 7.59 | 6.20 | 5.09 | 1202 | 500 | 2259 | 3.49 Excluded due to possible flexural-shear failure
61 | P-Il-M-HO-35-1.50 | R [ 150 [ 300 | 251 | 59.9 |12.5[1.50 | 63.64 852 | 7.59 | 6.20 | 5.09 | 1202 | 500 | 2259 | 3.49 | 160.96 {1.12]0.18|8.76E-04|35.13[1.04| 47.02 | 1.92 | 74.16 | 121.18 [1.33] 2.37 | 108.75 |1.48
62 | AAII-M-HO-60-0.50 | R | 150 | 300 | 251 49.5 112.5] 0.50 80.00 4.54 | 5.88 5.50 | 4.87 1202 500 | 225.9 3.49 153.05 |1.12]10.19|7.85E-04|34.50{0.95| 45.41 | 1.59 | 62.72 | 108.13 |1.42| 1.92 98.43 [1.55
63 | N--M-HO-60-1.00 R [ 150 | 300 | 251 53.4 [12.5]1.00 80.00 7.29 | 893 | 870 | 7.59 1202 500 | 225.9 3.49 128.96 |1.12]10.18|8.85E-04|35.20{1.05[ 44.12 | 2.04 | 78.47 | 122.59 |1.05| 3.05 | 113.49 |1.14
64 | N-I-M-HO-60-1.00 | R | 150 | 300 | 251 51 12.5]1.00 80.00 7.29 | 893 | 870 | 7.59 1202 500 | 225.9 3.49 157.95 11.12]10.18|8.73E-04|35.11{1.03| 43.46 | 2.01 | 77.36 | 120.81 |1.31] 3.05 | 112.32 [1.41
65 H35-1 R [ 150 | 300 | 251 27.9 112.5]1.00 63.64 3.17 | 3.34 | 3.07 | 2.76 1202 500 | 225.9 3.49 110.13 11.12]10.22|5.78E-04]133.05[0.75[ 39.76 | 0.93 | 38.91 78.67 [1.40[ 1.11 77.95 [1.41
(83] 66 H35-2 R ] 150 | 300 | 251 | 26.2 |12.5]1.00 63.64 3.17 | 334 | 3.07 | 2.76 1202 | 500 | 225.9 | 3.49 Excluded due to possible flexural-shear failure
67 H60-1 R ] 150 | 300 | 251 |26.25|12.5]1.00 80.00 3.89 | 445 | 438 | 421 1202 | 500 | 225.9 | 3.49 Excluded due to possible flexural-shear failure
68 H60-2 R [ 150 [ 300 | 251 |27.1212.5[1.00| 80.00 3.89 | 445 | 438 | 421 1202 | 500 | 225.9 | 3.49 | 105.61 |1.12|0.21|6.45E-04|33.51{0.81|37.21 | 1.24 | 50.87 | 88.08 [1.20| 1.55 | 84.57 |1.25
69 | W750 FRC25-1 0 [ 750 [ 250 | 210 38 16 | 0.32 | 62.50 3.01 | 320 | 299 [ 269 | 1913 | 537 189 2.50 | 348.36 [1.00/0.19]8.71E-04[35.10{0.98165.67| 0.71 | 114.55 | 280.22 |1.24| 1.08 | 301.63 |1.15
70 | W750 FRC25-2 0 [ 750 [ 250 | 210 38 16 | 0.32 | 62.50 3.01 [ 320 | 299 [ 269 | 1913 | 537 189 2.50 | 364.36 [1.00/0.19]8.71E-04[35.10{0.98165.67| 0.71 | 114.55 | 280.22 |1.30{ 1.08 | 301.63 |1.21
71 | W750 FRC35-1 0 [ 750 [ 250 | 210 | 36.9 | 16 [0.45| 62.50 352 | 387 | 362 | 324 | 1913 | 537 189 2.50 | 352.86 [1.00/0.18]9.13E-04[35.39/1.02|158.94| 0.85 | 135.66 | 294.60 |1.20| 1.30 | 313.87 |1.12
[16] 72 | W750 FRC35-2 0 [ 750 [ 250 | 210 | 36.9 | 16 [0.45| 62.50 352 | 387 | 362 | 324 | 1913 | 537 189 2.50 | 363.36 [1.00/0.18]9.13E-04[35.39(1.02158.94| 0.85 | 135.66 | 294.60 |1.23| 1.30 | 313.87 |1.16
73 | _W1000 FRC25-1 R [1000] 250 | 210 38 16 | 0.32 | 62.50 3.01 [ 320 | 299 [ 269 | 2625 | 537 189 2.50 | 491.15 [1.00/0.19]8.55E-04[34.99/0.96|223.23| 0.71 | 153.86 | 377.09 |1.30{ 1.08 | 406.08 |1.21
74 | WIOO00FRC25-2 | R |1000 250 | 210 38 16 [0.32 | 62.50 3.01 | 3.20 | 299 | 269 | 2625 | 537 189 2.50 | 482.65 [1.00{0.19|8.55E-04[34.99(0.96 [223.23| 0.71 | 153.86 | 377.09 [1.28] 1.08 | 406.08 |1.19
75 [ WI1000 FRC35-1 R [1000] 250 | 210 36.9 | 16 | 0.45 62.50 3.52 | 3.87 3.62 | 3.24 2625 537 189 2.50 | 483.15 [1.00(0.19|8.96E-04|35.27]1.00]214.19] 0.85 | 182.28 | 396.47 [1.22| 1.30 | 422.55 |1.14
76 | WIOO0FRC352 | R |1000| 250 | 210 | 369 | 16 |0.45| 6250 3.52 | 3.87 | 362 | 324 | 2625 | 537 189 2.50 | 509.65 [1.00{0.19|8.96E-04[35.27(1.00[214.19| 0.85 | 182.28 | 396.47 [1.29] 1.30 | 422.55 |1.21
77 MH35-1 R [ 150 | 300 | 251 53.2 [12.5]1.00 63.64 7.51 6.74 | 5.46 | 4.35 1202 500 | 225.9 3.49 145.14 11.12]10.19|8.22E-04|34.76{0.99[ 4590 | 1.73 | 67.57 | 113.48 |1.28| 2.09 | 102.28 |1.42
82] 78 MH35-2 R [ 150 | 300 | 251 55.3 [12.5[1.00 63.64 7.51 6.74 | 5.46 | 4.35 1202 500 | 225.9 3.49 166.61 |1.12]10.19|8.26E-04|34.79{0.99| 46.67 | 1.73 | 67.39 | 114.06 |1.46] 2.09 | 103.21 [1.61
79 MH60-1 R [ 150 [ 300 | 251 | 53.4 |12.5[1.00 | 80.00 7.13 | 894 | 887 [ 7.59 | 1202 | 500 | 225.9 | 3.49 | 128.96 [1.12[0.18|8.85E-04|35.20|1.05| 44.12 | 2.04 | 78.47 | 122.59 |1.05| 3.09 | 113.91 [1.13
80 MH60-2 R [ 150 [ 300 | 251 51 |12.5|1.00 | 80.00 7.13 | 894 | 887 [ 7.59 | 1202 | 500 | 225.9 | 3.49 | 157.95 [1.12|0.18|8.73E-04|35.11|1.03]| 43.46 | 2.01 | 77.36 | 120.81 |1.31] 3.09 | 112.74 [1.40
[84]] 81 B2-HS R [114.3]177.8]149.86| 44.57 | 16 [ 1.00 | 50.00 338 | 272 | 171 | 111 492 470 |134.874| 3.56 | 52.75 [1.00]|0.23|6.80E-04|33.76/0.77|23.34 | 0.75 | 13.90 | 37.25 [1.42| 0.71 | 36.99 [1.43
82 20x30-SFRC-S1 R | 200 [ 300 | 260 | 37.7 | 25 |0.51 66.67 [3.21(")]3.15(*)|2.84(") |2.61(*)| 1473 500 234 3.50 Excluded due to possible flexural-shear failure
83 20x30-SFRC-S2 R | 200 [ 300 | 260 | 38.8 | 25 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 1473 500 234 3.50 Excluded due to possible flexural-shear failure
[86] 84 | 20x45-SFRC-S1 R [ 200 | 450 | 410 | 37.7 | 25 | 0.51 66.67 [3.21(")]3.15(*) [2.84(*)|2.61(*)| 2413 | 500 | 369 3.34 | 248.50 [0.78]|0.22]5.75E-04[33.02{0.77] 98.26 | 0.73 | 66.27 | 164.52 |1.51| 1.04 | 158.01 |1.57
85 20x50-SFRC-S2 0 [ 200 | 500 | 460 38.8 | 25 |1 0.51 66.67 3.27(")] 3.2(*) |2.86(*) [2.63(*)| 2413 500 414 3.37 | 272.30 [0.78]0.20|6.25E-04|33.37]0.84|104.65[ 0.73 | 73.07 | 177.73 [1.53| 1.05 | 174.45 |1.56
86 | 20x60-SFRC-S1 0 | 200 | 600 | 540 | 37.7 | 25 | 0.51 66.67 [3.21(*)]3.15(*) [2.84(*)]2.61(*)| 2945 | 500 | 486 3.50 | 264.50 |0.78]0.20|6.08E-04|33.26]/0.86 [117.66| 0.71 | 84.76 | 202.42 [1.31| 1.04 | 197.10 |1.34
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Sample Cross-section Concrete Passive reinforcement Experimental test MC2010_MCFT MC2010_EEN
Ref,. Code Type bw h d fcm dg Vf |f /df lem fRZm fRam fRAm Asl 1:syk Zs a/d u,exp kdg kv & 9 Wu VRd,c thum Rd, f Vu,model A fFlum Vu.model A
[mm] | [mm] | [mm] | MPa] |[mm]| [%] [MPa] | [MPa] | [MPa] | [MPa] | [mm? |[MPa]| [mm] [kN] - [} |fmm]| [kN] | [MPa] | [kN] [kN] MPa] |  [kN]

87 20x60-SFRC-S2 0 [ 200 ] 600 | 540 | 38.8 | 25 [ 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 2945 500 486 3.50 Excluded due to possible flexural-shear failure

88 | T10x50-SFRC-S1 0 [ 200|500 | 460 | 37.7 | 25 | 0.51 66.67 [3.21(*)]3.15(*)|2.84(*) |2.61(*)| 2413 500 414 3.37 | 285.60 [0.78[0.20|6.19E-04|33.33|0.83]103.62| 0.72 | 72.39 | 176.02 [1.62| 1.04 | 173.20 |1.65

89 | T10x50-SFRC-S2 R [ 200 | 500 | 460 | 38.8 | 25 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 2413 500 414 3.37 | 264.60 [0.78[0.20|6.25E-04|33.37|0.84|104.65| 0.73 | 73.07 | 177.73 [1.49| 1.05 | 174.45 |1.52

90 [ T15x50-SFRC-S2 0 [ 200|500 | 460 | 38.8 | 25 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*) |2.63(*)| 2413 500 414 3.37 | 276.10 [0.78]0.20|6.25E-04[33.37]0.84]104.65| 0.73 | 73.07 | 177.73 [1.55] 1.05 | 174.45 |1.58

91 [ T23x50-SFRC-S2 R [ 200 | 500 | 460 | 38.8 | 25 | 0.51 66.67 [3.27(")] 3.2(*) |2.86(*)|2.63(*)| 2413 500 414 3.37 Excluded due to possible flexural-shear failure

92 | T15x75-SFRC-S1 R [ 200 | 500 | 460 | 37.7 | 25 | 0.51 66.67 [3.21(")|3.15(*) [ 2.84(*) |2.61(*)| 2413 500 414 3.37 Excluded due to possible flexural-shear failure

93 | T15x100-SFRC-S1 | R [ 200 | 500 | 460 | 37.7 | 25 ] 0.51 66.67 [3.21(")|3.15(*) | 2.84(*) |2.61(*)| 2413 500 414 3.37 Excluded due to possible flexural-shear failure
18] 94 FNB2-2 R [ 125|250 | 212 | 30.8 | 19 | 0.51 62.50 2.7(") | 2.69(%) [ 2.56(*) | 2.35(*)| 469 442 | 190.8 2.00 Excluded due to possible flexural-shear failure

95 FNB2-3 R [ 125 ] 250 | 212 | 30.8 | 19 | 0.51 62.50 2.7(") | 2.69(%) [ 2.56(*) | 2.35(*)| 469 442 | 190.8 3.00 67.58 10.91/0.21|7.22E-04|34.05/0.83| 28.13 | 0.62 | 17.58 45.71 [1.48] 0.93 53.41 [1.27
(85) 96 S-HE-50-0.75 R [ 200 | 300 | 265 38 10 | 0.75 50.00 [3.51(*)]3.43(")[3.06(*)| 2.8(*) | 1020 400 | 238.5 3.02 | 105.47 [1.23]0.19]7.27E-04|34.09|10.92] 56.52 | 0.76 | 43.01 99.53 |1.06] 1.13 | 113.17 |0.93

97 S-HE-50-1.0 T [ 200 | 300 | 265 42.2 | 10 | 1.00 50.00 4.8(*) |4.56(*) [3.89(*) [3.51(*)| 1020 400 | 238.5 3.02 Excluded due to possible flexural-shear failure

98| FRC20H50_1 | T [ 200 [ 500 | 455 | 244 | 20 [025] 5000 | 1.47 [2.13(¢)] 1.54 [1.93¢)] 901 | 500 | 409.5 | 2.50 | 154.00 [0.89]0.18]7.80E-04[34.46]1.03] 71.06 | 0.49 | 46.33 | 117.39 [1.31] 0.55 | 108.76 [1.42

99 FRC-20 H50_2 T | 200 [ 500 | 455 [ 24.4 | 20 | 0.25 50.00 1.47 12.13()] 1.54 11.93()| 901 500 | 409.5 | 2.50 Excluded due to possible flexural-shear failure

100| FRC-40 H50_1 T | 200 [ 500 | 455 20.6 | 20 | 0.51 50.00 3.10 [ 2.6(") | 2.94 [2.36(") 901 500 | 409.5 2.50 125.00 10.89]0.17 | 8.00E-04|34.60{ 1.05| 64.41 | 0.59 | 56.18 | 120.59 |1.04| 1.07 | 123.35 [1.01
[87](101 FRC-40 H50_2 T | 200 [ 500 | 455 20.6 | 20 | 0.51 50.00 3.10 [ 2.6(") | 2.94 [2.36(") 901 500 | 409.5 2.50 133.00 10.89]0.17 |8.00E-04)34.60{1.05| 64.41 | 0.59 | 56.18 | 120.59 |1.10| 1.07 | 123.35 |1.08

102 FRC-60 H50_1 T | 200 | 500 | 455 19.2 | 20 | 0.76 50.00 4.40 12.97()| 462 |2.7() 901 500 | 409.5 2.50 Excluded due to possible flexural-shear failure

103| FRC-60 H50_2 R [ 200 | 500 | 455 19.2 | 20 | 0.76 50.00 4.40 12.97(")| 4.62 | 2.7() 901 500 | 409.5 2.50 Excluded due to possible flexural-shear failure

104 FRC-20 H100 R [ 200 |1000| 910 | 244 | 20 | 0.25 50.00 1.47 [2.13(*)] 1.54 [1.93()| 1893 500 819 2.50 | 258.00 [0.89[0.15|6.82E-04|33.77|1.17]120.39| 0.48 | 93.34 | 213.73 [1.21| 0.55 | 195.30 |1.32
[88]] 105 FRC R [ 200 | 450 | 435 | 40.7 | 20 [0.38 50.00 2.08 |2.04(")| 191 |1.79()| 1357 500 | 3915 3.10 | 140.00 [0.89(0.18|7.51E-04|34.26/0.99] 90.60 | 0.46 | 42.39 | 132.98 [1.05/ 0.70 | 141.80 |0.99
[89]/ 106 FRC-100 R [ 200 |1000| 910 55 20 | 0.25 50.00 2.47 |1.77(") | 2.52 |1.41("| 1875 512 819 2.50 | 339.00 [0.89(0.14|7.62E-04|34.33|1.28|170.64| 0.35 | 67.39 | 238.04 [1.42| 0.90 | 254.41 |1.33

107 WI105 FRC25-14 0 [105] 250 | 210 | 35.3 | 16 [0.32 62.50 2.17 |1.96(") | 2.23 |1.75(| 309 541 189 2.50 39.00 |1.00/0.21(7.01E-04(33.91]{0.82| 25.13 | 0.46 | 10.78 35.91 [1.09] 0.80 40.84 [0.96

108| W210 FRC25-14 0 [ 210 ] 250 | 210 35.3 | 16 | 0.32 62.50 2.17 [1.96(*)] 2.23 [1.75(%) 617 541 189 2.50 98.00 [1.00{0.21|7.01E-04|33.91|0.82] 50.27 | 0.46 | 21.56 71.83 [1.36] 0.80 81.67 [1.20

109| W315 FRC25-14 0 [315] 250 | 210 35.3 | 16 | 0.32 62.50 2.17 [1.96(")] 2.23 [1.75(%) 926 541 189 2.50 142.00 11.00|0.21|7.01E-04|33.91/0.82| 75.40 | 0.46 | 32.34 | 107.74 [1.32] 0.80 | 122.51 |1.16
[90]{110] W420 FRC25-14 0 [ 420 | 250 | 210 35.3 | 16 | 0.32 62.50 2.17 |1.96(%) | 2.23 [1.75(*)| 1235 541 189 2.50 196.00 |11.0010.21|7.01E-04|33.91{0.82[100.54| 0.46 | 43.12 | 143.66 |1.36] 0.80 | 163.34 |1.20

111 W525 FRC25-14 0 [525] 250 | 210 35.3 | 16 | 0.32 62.50 2.17 |1.96(%)| 2.23 |1.75(*)| 1544 541 189 250 | 261.00 {1.00{0.21[7.01E-04[33.91|0.82[125.67| 0.46 | 53.90 | 179.57 |1.45] 0.80 | 204.18 [1.28

112| W630 FRC25-14 0 [ 630 ] 250 | 210 35.3 | 16 | 0.32 62.50 2.17 |1.96(%)| 2.23 |1.75(*)| 1852 541 189 2.50 | 353.00 [1.00{0.21|7.01E-04]33.9110.82]150.81| 0.46 | 64.68 | 215.49 [1.64| 0.80 | 245.01 |1.44

113| W735 FRC25-14 0 [735] 250 | 210 35.3 | 16 ] 0.32 62.50 2.17 |1.96()| 2.23 |1.75(")| 2161 541 189 2.50 | 376.00 [1.00{0.21|7.01E-04|33.9110.82]175.94| 0.46 | 75.46 | 251.40 [1.50| 0.80 | 285.85 |1.32

Legend: R- Rectangular cross-section; T — T-shape cross-section; (*) - Values estimated according to [66].
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APPENDIX F

In this appendix are presented the factors that are used to determine the prediction parameters of the

B4 model that were calibrated from optimization process to existing creep database [175].

In Table 51 are presented the B4 creep model parameters that are dependent on the cement type.

Table 51 — B4 model creep parameters dependent on cement type [175].

Type of

cement R i st
P, 0.70 0.60 0.80
P, 58.6x107° 17.4x107° 40.5x107°
P 39.3x107° 39.3x107° 39.3x107°
P, 3.4x10°° 3.4x10°° 3.4x107°
Ps 777x10°° 94.6x107° 496x10°°
Psyy 8.00 1.00 8.00*
Pou 3.00 3.00 3.00
Pa -1.10 -1.10 -1.10
Py 0.40 0.40 0.40
Paa -0.90 -0.90 -0.90
P 2.45 2.45 2.45
Ps. -0.85 -0.85 —0.85
Psa -1.00 -1.00 -1.00
Psy 0.78 0.78 0.78
Toem (days) 0.016 0.080 0.010
T, cem (dAYS) 0.027 0.027 0.032
P.a -0.33 -0.33 -0.33
P -0.06 -2.40 3.55
P, -0.10 -2.70 3.80
Ecom 360x107° 860x107° 410x10°°
P.a -0.80 -0.80 -0.80
Pew 1.10 -0.27 1.00
P.. 0.11 0.11 0.11
S, 14.2x107° 29.9x10°3 11.2x107°
S, 0.976 0.976 0.976
S, 4.00x10°° 4.00x10°° 4.00x10°°
Ss 1.54x107° 41.8x10°° 150x10°°
Sy -1.58 -1.58 ~1.58
S3 -1.61 -1.61 -1.61
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S -1.16 -1.16 -1.16
S5 -0.45 —0.45 —0.45
S 0.21 1.55 -1.84

The following expressions are used to determine the ultimate shrinkage strain [175]:

E (7,BTh +600- ﬂTs )
E (fo +Tq - ﬂTs )

b=t Bn Eq. (F.2)

Unfl 1
o R | 293 To,+273

&

e (f0) =6 Kea Eq. (F.1)

B = Eq. (F.3)
b, = e[URs{zala's—T+1273D Eq. (F.4)
a Pea w Pow n
€0 = Eeem A ’ A (mjp Eq. (F.5)
6 0.38 P

where T, €[20°C,30°C] is the temperature at curing; E(t) is the Young's modulus evaluated at
t days; U, is the activation energy of hydration; U, is the activation energy of moisture diffusion; T
is the average environmental temperature before load application; &, can be obtained from Table
51; and p=2.350 kg/m3 . The coefficient k_, is dependent of the type of aggregate and can be
estimated from Table 52.

Table 52 — B4 model shrinkage parameter dependent on aggregate type [175].
Type of aggregates  Diabase Quartzite Limestone Sandstone Granite Quartz Diorite

k., 076* 071 0.95 1.60 1.05 2.20%
k., 0.06*  0.59 1.80 2.30 4.00 15.0*

* - denotes uncertain fitted parameters
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APPENDIX G

In this section is presented the formulation of the Menegotto-Pinto model. This model describes a

curve (connecting two tangents with a variable radius of curvature at the intersection point of these

tangents. In Eq. (G.1) is presented the Menegotto-Pinto equation to describe a curve that connects the

initial (so,ro) and final (sf ,rf) points, while in Eq. (G.2) is presented the equation that expresses

the tangent stiffness of the Menegotto-Pinto curve at any point.

T A

(S 75 )

TR
D/

Dsec\\ /o

%

Figure 169 — Menegotto-Pinto curve.

1-Q
=7,+D,-(s—s,):|Q+
T To 0 ( o) Q R %
{1+DO.SSO ]
Ten =%
D :@:Dsec_ Dsec_Q'Do —
0s s-s
1+|D, - °
Tch To

Ea. (G.1)

Ea. (G.2)

In Eq. (G.1) and Eq. (G.2), 7,,, Q and R are parameters that control the shape of the curve, and

are calculated as shown in Figure 170.

When the Newton-Raphson iterative algorithm fails to resolve the nonlinear equation, the Menegotto-

Pinto model is replaced by a linear model that connects the initial and target points with a slope equal

to D, .
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Calculate Calculate
Ty — T,
Df - Dsec Dsec =
min T~ o~ St —S,
Dsec - Do
IfR,, <0 fFR<R,,
| | Define
=L, =7 R=R, +0.01 _akt a(1-a®
Q h f min z_(a): Df —Dsecl a +D0 ( )
1-a 1-a
Use Newton-Raphson for
r(a) =0
I
[ [ |
Calculate Calculate Calculate
E D
1— R\R DD s% —-a
b:& rch=r0+T(sf—so) Q:#
a 1-a

Figure 170 - Algorithm to determine the parameters that control the shape of the Menegotto-Pinto

curve.
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