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Constitutive model for fibre­
reinforced strain-hardening cement 
composites (SHCC) 
By GPAG van Zijl 
Department of Civil Engineering, Stellenbosch University, South Africa 

measured in physical 
experiments, which is a 
cost-effective extension 
of the physical experi ­
mental data. 

ABSTRACT: Constitutive 
models that capture dom­
inating mechanisms of 
mecha ni cal and time­
dependent behaviour of 
construction materials 
are essential for accurate 
structural analysis. Such 
models may be h ighly 
complex, as the behav­
iour of especially cement­
based construction mate­
rials is indeed complex. 
The value of such mod­
els lies in th e ability it 
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With the aid of such com­
plex models, thorough 
understanding and even­
tual simpler analytical 
models can be derived. 
Th is paper describes a 
constitutive model for 
fibre-reinforced stra in­
hardening cement com­
pOSites (SHCC). 

affords the specialist to predict 
structural behaviou r beyond that 

SHCC is a relatively new c lass of high 
pe rformance fibre-reinforced cement­
based composites (HPFRCC). which 
currently receives Intensive research 
attention internationally. Physical evi­
dence of rate and time-dependence 
of SHCC is presented in terms of 
tensile rate-dependent test results. 
as well as tensile creep test results. A 

The tensile ductiHtyofSHCC is obtained 
through balanced fibre and matrix prop· 
erties. to allow effective crack bridging 
by fibres. whereby cracks are controlled 
to widths in the m cro·range. despite 
moderate fibre volume levels (1.5<V/ 
<2.5%). Evidence is emerging that the 
crack control is maintained also in more 
general loading conditions. including 

flexure. shear (Shang & van Zijl 2007) 
and combined flexure and shear. both in 
pure SHCC and with steel bar rei nforce· 
ment (RjSHCC) (van Zijl 2008). 

The significance of the crack control 
is reduced water and chloride diffusivity 
through crack width limitation in cement 
composites. as reported by several reo 
searchers (Wang et a/. 1997, Rapoport 

model for time-dependent mechanical ~-tS:;==:-===================~1 
behaViour of SHCC is proposed and I 15 
elaborated. The model is based in 
.multi-surface. anisotropic. computa­
t ional continuum plasticity. It is shown 
to realistically capture rate-enhanced 
tensile resistance. as well as tensile 
creep fracture. 

1 INTRODUCTION 
This paper proposes a constitutive 
model for fibre re · inforced strain­
hardening cement composites (SHCC). 
This class of high performance fibre 
reinforced cement composite (HPFRCC) 
is designed for large tensile strain 
capacity at moderate tensile strength. 
with examples shown In Figure 1. A high 
tensile strength FRCC is also shown in 
the figure. 
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Figure 1: Ten.lle stre._treln re.ponse. of SHCC. 
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Ingredient Mass proportion kg,lm ' 

Cement (CEM I 42.5) 0.5 531 

Fly Ash 0.5 531 

Water 0.4 425 

Sand (<P. <O.21 mm) 0 .5 531 

PVA fibre, '-t - 12 mm, 
d

f
=0.04 mm 0.024 26 

Tebl.1: Typlcel SHCC mix proportions 

et al. 2001, Lepech & Li 2005. Sahma- models. Such computational models 
ran el al. 2007). should capture the main mechanisms 

These processes govern the longer 
term migration of water and chlorides 
into the material through the micro­
pores (Bazant, & Najjar 1971. Neithal­
ath 2006). 

Under service conditions. which 
inevitably include cracks in cement com­
posites, long term durability is controlled 
by reduced diffusivity. The experimental 
evidence that crack widths may be limit­
ed to within a threshold value of 100l-lm 
by inherent crack control in SHCC (Wei­
mann & Li 2003) confirms the potential 
of SHCC for durable structures. 

To enable sound application ofSHCC. 
design models are required. which 
should eventually be incorporated in 
standards for structural design with this 

of behaviour with reasonable accuracy 
to be objective and allow prediction of 
structural behaviour beyond that tested 
in physical experiments. 

Wh ile detailed micro-models may 
prove more accurate by capturing 
interaction of the heterogeneities In 
SHCC (fibres. hcp matrix, fibre-matrix 
interfaces). so-called macro-models are 
pragmatic and allow viable analysis and 
prediction of structural behaviour. 

In this paper a macro-model based 
on continuum plasticity is proposed 
and elaborated. Such a model does 
not distinguish between the various 
ingredients in SHCC, but considers it to 
be a homogeneous continuum. 

The use of such continuum models 
construction material. Such models do for concrete or other cement-based ma-
not yet exist, and the pool of experimen­
tal data is limited relative to traditional 
construction ma terials like reinforced 
concrete and structural steel. It is 
argued thai computational models. in 
combination with physical experiments. 
are effective in developing insight in the 
behaviour of structures manufactured 
of such a new material. Ihereby assist­
ing in the formulation of simpler design 
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terial have become standard in research 
environments and are even available 
in commercial finite element packages 
such as DIANA (2008). which is used in 
this research. 

However. a computational macro­
model appropriate for SHCC does not 
yet exist commercially. A model based 
on continuum damage was proposed 
recently by Boshoff & van Zijl (2007). 
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but provided for non·linear behaviour 
in only the tensile regime. 

Also, reported SHCC response to 
cyclic loading (Boshoff 2007, Jun & 
Mechtcherine 2007) indicates t hat 
elastic unloading, as used in a plasticity 
approach. is more appropriate forSHCC 
than the secant unloading used in the 
damage approach. Typical unloading­
reloading behaviour is shown schemati­
cally in Figure 1. 

Kabele (2002) also proposed a con­
tinuum model for SHCC. This model is 
limited to tensile non-linearity. and static 
behaviour, ie time-dependence is not 
incorporated. The unloading behaviour 
is elastic in the strain-hardening tensile 
regime, but secant beyond the peak 
tensile resistance . 

In this paper. a continuum model is 
proposed for both tensile and compres­
sive behaviour. in terms of a multi~ 
surface continuum plasticity model. 
Anisotropy is considered in terms of dif­
ferent strengths and hardening-soften­
ing responses in orthogonal directions. 
This has been shown to be relevant for 
certain manufacturing processes. for in­
stance extrusion. which predominantly 
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orientates fibres in the extrusion direc­
tion. Creep is incorporated in the form 
of visco-elasticity. In tension, cracking 
rate-dependence is conSidered. based 
on experimental evidence. 

2 MECHANICAL BEHAVIOUR 
OFSHCC 
Typical SHCC mechanical behaviour is 
demonstrated here by results of char­
acterisation tests on a particular SHCC 
with mix proportions given in Table 1 . 
used for al l results reported in this paper. 
unless stated otherwise. 

The specimens were produced by 
normal casting in steel moulds, strip­
ping after two days and curing to an 
age of 14 days in water at controlled 
temperature of 23"C. The evolutions 
of mechanical properties (7 days to 28 
days. wet curing) have been reported be­
fore (van Zijl 2005). The tensile results 
here are for thin dumbbell specimens. 
shown in Figure 2. with typical thickness 
of 15 mm. Compressive results are 
however for 50 mm diameter cylinders 
of height 100 mm. 

The strain-hardening response of 
SHCC is associated with multiple crack 
formation once the tensile strength of 
the matrix is exceeded. This is shown 
for a typical case in Figure 2 . 

Instead of significant widening of 
the first craCk. which initiates once 
the matrix strength is exceeded. more 
cracks arise upon further deformation. 
The crack control is a dominant feature 
of SHCC and holds t he key to under­
standing and predicting its short and 
long term behaviour. 

Through balanced properties of 
the cement matrix. fibres and their 
interfaces. based on consideration of 
micro-mechanical mechanisms (Li et al. 

1995). pseudo strain.hardening tensile 
behaviour is achieved. 

The conditions for pseudo strain­
hardening are well understood and 
the data base of experimental results 
towards confirming micromechanical 
design models is growing. 

The ductility of SHCC is shown to 
exist also under pure shear (Figure 3) 
and uniaxial compression (Figure 4a). 

Note tha t the SHCC produced by 
extrusion (Figure 4b) has significantly 
higher uniaxial compressive strength, 
due to the lower WjB ratio used to obtain 
extrudable SHCC. but also due to the 
high pressure extrusion process and fi ­
bre alignment in the extrusion direction. 

This high strength is seen to be fol­
lowed by a steep post-peak reduction in 
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compressive resistance. The responses 
of cast SHCC suggest the use of ductile 
strain-hardening-softening relations to 
describe the stress-strain responses. 

3 TIME DEPENDENT 
BEHAVIOUR OF SHCC 
To illustrate the time dependent behav­

iour of SHCC under mechanical load, re­
sults of recent characterizing creep and 
rate-dependent tensile tests are sum­
marised here . Tests were performed 
on macro-level as well as on single fibre 
PUll-out level. For the macro tests. the 
same dumbbell-shaped specimens as in 

the previous section were prepared and 
tested. In addition, single fibre pull-out 
tests were performed. These specimens 
were prepared with the same matrix, 
but with a single fibre embedded to a 
pre-determined embedment length L~, 

A series of tests were performed on 

specimens with different embedment 
lengths to establish a length suitable for 
subsequent test series at various pull-out 
rates, as well as under sustained load. 
From the initial test series L. =- 1.4 mm 
was chosen for the rate and creep tests. 
See Boshoff (2007) for complete details. 

3.1 Rate dependence 

3.1,1 Rate-dependent re.pon.e of 
SHCC composite 
Stress-strain responses of a series of 
ten,sile rate tests CNer 4 orders of average 
strain rate magnitudes (IO-':S":' $10 ',,-') 
are shown by the solid lines in Figure 
5. The first cracking strength appears 
to be significantly rate·dependent. but 
the ultimate tensile strength and strain 
to a lesser degree. 

3.1.2 Single fibre pull-out rate 
depandence 
To study the rate effect on the micro­
level, Single fibre pull-out tests were 
performed (Boshoff 2007) at pull-out 
displacement rates over 4 orders of 
magnitude (iO-z S oS 10 : mml s). Typical 

results are shown in Figure 6. A signifi ­
cant increase in peak pull-out force is 
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-----Flr;ure 10: Lim" function for bl."I •• beh.vlour of SHCC. 

seen with increased load ing rate. At 
low rates. fibres pull out of the matrix 
completely. indicated by the gradual 
reduced resistance beyond the peak 
in Figure 6. Higher rates lead to fibre 
breakage. followed by an abrupt drop 
in resistance. 

Thus it appears that fibre pull­
out rate-dependence is an important 
mechanism of rate-dependence of the 

composite material. 

3.2 Tensile creep response 
The reduced stiffness and resistance of 
cement-based composites under long 
term sustained load are well described 
in the literature (eg. Rusch 1960. Zhou 
1992). This has recently been studied 
for SHCC in tension by Boshoff (2007), 
Two series of tests were performed. 

3.2.1 Macro creep 
Firstly. creep tests of previously undam­
aged specimens were performed at 

50% of the ultimate tensile strength, 
Second ly, a series of creep tests was 
performed at various load levels (30%, 
50%, 70% and SO% of average peak 
strength ). Note that all the specimens of 
the second series were pre-cracked by 
deformation control ed tensile loading 

to a predetermined tensile strain of 1%. 
After this preload the specimens were 
unloaded and subsequently reloaded to 
the creep load. sustained for a period of 
eight months. The specimens were kept 
in a constant environment of 23±1 °C 
and 65%±5% RH. Two specimens were 

tested at each load level. The creep 
strain of the uncracked creep speci­
mens at 50% of peak strength was in 
the order of 0.15% after 8 months. This 
is negligible relative to that of the pre­
craCked specimens shown in Figure 5. 

Note that the reduced stiffness is due 
to the pre-cracking. 

After eight months no specimens 
failed, despite the quasi-static load­
deformation/stress-strain envelope 
being exceeded in the case of the high­
est (80%) sustained load. Due to the 
sealant, cracks and spacing could not 
be observed or measured accurately. 

However, individual cracks wh ich 
existed at the onset of sustained load­
ing were observed to widen in time. 
Instantaneous Jumps in the time de­
pendent deformation graphs provide 
evidence of new cracks initiating under 

the sustained load (Boshoff 2007). Both 
these two sources of time-dependent 
deformation were confirmed by creep 
tests performed by Jun & Mechtcherine 
(2007) and Boshoff et al. (2008). 

3.2.2 Single flbr. pull-out creep 
Single fibre pull-out creep tests were 
also performed to study this important 
mechanism of creep in the composite. A 
sustained load causing a bond stress be­

tween the fibre and the matrix equalling 
"c .. 1.2 MPa was applied, reached by an 
Initial pull-out rate of 1 mm/s. Note that 
this represents an average normal fibre 
stress of roughly 1.6 times the average 
fibre stress in the composite at 80% of 

Concrete Beton Journ(11 
No. 123 • November 2009 11 



the peak load (composite average stress 
2.1 MPa). If a correction is made for the 
random 20 fibre orientation, whereby 
fewer fibres effectively bridge the crack, 
but at higher stress, the single fibre sus­
tained load is representative of the com­
posite situation. In a first series the fibre 
in each specimen was initially de-bonded 
by loading the fibre to Just beyond <0 and 
then unloading. before commencing 
with the creep test. t o is the average 
bond stress which marks the end of the 
linear load pull-out response. In a second 
series of three specimens, the test was 
performed on the undamaged (non de­
bonded)Specimen.ln Figure 7thecreep 
tests and resulting times to complete 
pull-out, or failure, are shown. 

To distinguish fibre creep from the 
pull-out creep deformation, the time­
dependent deformation of a single 
fibre was measured under a sustained 
normal stress of 580 MPa. This creep 
load is nearly five times the fibre normal 
stress in the pull·out creep stress. 

Under these conditions insignificant 
time-dependent deformation of the fibre 
was measured. Thus, time dependent 
fibre pull-out appears to be an important 
mechanism of creep in the composite 
material. 

3.2.3 Creep mechanisms 
From the previous sections the main 
mechanisms of creep are identified as 
(il the initiation of new cracks under 
sustained load, (ii) widening of cracks 

A 
E. 

V 
~ 'I, 

a - 'I, f" , . ~ , , 
'I , E, , 

due to fibre pull-out ( iii) matrix creep. It 
was shown for the particular fibre that 
a potential fourth nechanism, namely 
fibre creep, does not contribute to 
creep in the SHCC studied here. It was 
also noted in section 3.2.1 that the 
uncracked matrix creep is small relative 
to the time-dependent deformation of 
cracked specimens, which implies that 
the mechanisms of crack initiation and 
widening due to fibre pull-out dominate. 

To interpret these creep mecha ­
nisms, it is useful to study the trends in 
macroscopic tensile behaviour (Figure 
5), in close connection with the micro 
behaviour of ind ividual fibre pull-out 
(Figures 6and 7), as well as micro-crack 
formation. The result of such scrutiny is 
presented as a schematised postulation 
in Figure 8 . Also shown in this schematic 
figure as a dashed line is the crack 
width development. based on results 
reported by Boshoff et al. 2008. Cracks 
are controlled to small widths (In the 
range SO-1S0IJm) over a large tensile 
deformation range. Such small crack 
widths imply that the lengths of fibres 
pulled out at the positions of cracks 
are also this small. This means that 
fibre pull-out cannot be the mechanism 
in the early strain·hardening stages, 
because the rate-enhanced resistance 
is mobilised at larger pull-out lengths. 
apparent from Figure 6. Only once the 
crack width increases, ie towards the 
end of the strain-hardening regime in 
Figure B, this mechanism is activated . 

"(lrticmtlg I ,,,jI,,,,j,tg 
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r- 'I. J, r---, , , , 
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Fl. urell: Schem.tlc representation of the constitutive model. 
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The initial rate-dependence is ascribed 
primarily to matrix cracking viscosity 
(ZhOu 1992. Wu & Bazant 1993, van 
Zijl et al. 2001). 

4 MODELLING OF SHCC TIME· 
DEPENDENT BEHAVIOUR 

4.1 Computational 
framework 
A continuum approach is followed. 
It is assumed that the tensile load­
deformational behaviour measured 
over a practical gauge length on small 
specimens. for instance 80 mm on the 
dumbbell shown in Figure 2. is simply 
translated to stress-strain behaviour. 
Figure 9 shows the assumed tensile ma­
terial law, including a linear hardening 
and exponential softening tensile stress 
(au) - equivalent strain ( K,) relation. 
The softening is controlled by fracture 
energy (g,.~) . Note that the subscript i 
denotes the two material directions x 
and y respectively. 

Anisotropy. which may be significant 
due to particular manufacturing pro­
cesses, is considered. For instance, 
in extruded products dominant fibre 
orientation in the extrusion direction 
have been shown to cause f lexural 
strength in the extrusion direction of 
roughly 2.S times that in the orthogonal 
direction (Visser & van Zijl 2007). To 
account for such lower strength in the 
orthogonal direction, the same basic 
shaped stress-strain law as in Figure 
9 is used for tension in that direction, 
but with different values for first crack­
ing stress (f,), ultimate tensile stress 
(f,or>, strain at ultimate stress (K,..,..), and 
fracture energy (gJ. than those for the 
main material direction (f"" f ,W<' K"" g,,). 

No test results for biaxial behaviour 
SHCC are available yet, with a test 
program for such behaviour currently 
in progress at the University of Stel­
lenbosch. However, shear test results 
(li et al. 1994, van Zijl 2007) indicate 
that SHCC shear resistance exceeds its 
uniaxial tensile resistance. Mechanisms 
include fibre confinement by compres­
sion orthogonal to the diagonal shear 
cracks, as well as steeper crack align­
ment to mobilise greater compressive 
resistance, enabled by retained ten~ 
sile resistance beyond first cracking. 
These results imply non-trivial biaxial 
behaviour of SHCC, eg as shown by 
the dashed lines in Figure 10. For lack 
of sufficient characterising data, the 
solid line limit functions in Figure 10 are 
assumed for the current computational 
framework. 



Note that a plane stress state is consid­
ered and shown in Figure 10 in terms 
of the two orthogonal normal stresses. 
This is appropriate for the thin-walled 
SHCC specimens used here. 

Also shown in Figure 10 are the limit 
functions for compression, which are 
also taken as simple straight lines in 
the zero shear stress (principal stress) 
plane. Simi lar expressions are used 
for the compressive stress-strain re­
sponses as for the tensile stress-strain 
model shown in Figure 9. with param­

eters ' ",. 'eu>.' Keu>' g(l.O: and fey few Ko/d goy 
respectively. 

This is used for simplicity, but im­
proved resemblance with the measured 
compressive responses - for example 
those in Figure 4 - can easily be ob­
tained by defining alternative hardening­
softening curves, for instance parabolic 
hardening and linear softening. 

4.2 Constitutive model for 
SHCC 
In a plane stress setting with stress and 
strain vectors 

if = L a .,a ,:r J. 1:._' = L E.E., r J (1 ) 

the material law can be expressed as 
fonows 

a"'D" C" +E=D"' (F-c~c. ) + r (2) 

where 0 '" is an equivalen~ tim~-depen­
dent stiffness modulus, £ 'oY, ePand £ Q 

are the visco-elastic. plastic and initial 
st rain vector respectively and r is a 
viscous stress vector accounting for 
the history. Full detail of the computa­
tional treatment is given by van ZUI et 
a/. (2001). There it is shown that the 
visco-elastic stiffness is computed from 
the spring stiffnesses (E,) and dash pot 
viscosities (Il,) of the elements in the 
Maxwell chain shown in Figure 11. The 
stress history term accumulates the 
stresses in each chain element at the 
el)d of the previous time step. linear 
time integration is used to integrate 
eq. (2). 

To incorporate the various sources 
of time dependence, the limit func­
tions and their evolutions according 
to the hardening-softening shown in 
Figure 9 are enhanced by consider­
ation of bulk visco·elasticity through 
t he Maxwell-chain, as well as cracking 
viscosity (flo,), as schematised in Fig­
ure 11. Note that the latter is activated 
only in tension . 

The limit stresses are treated in mUlti­
surface plasticity fashion, whereby the 

.. 
ACCREDITED TECHN ~ "f' 

4 
t=IO-'s~ __ -. 

- 7" ~;l _I \ -- -----
3 

E= J ____ y----- Rate test 

£ _l.!).-~-I - - - Creep test: rn- - - \ Initial rate 
£= IO-ls-' 

a.. 
::> 

._ . - .\';". , -- ' -'- ' -.. \ . - £=10 S- I '\. "' 2 
"' <1> 

" (/J 

1 

/ , 

o 
0.00 

I , 

I 
, 

, 

0.01 0.02 0.03 

Strain [-J 

\ \ 

\:>-. 
0.04 0.05 0.06 

FI •• r. 13: Computed rat •• nd cr •• p re. pon • • • of SHCe. 
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a" 

with ~ the amount of plastic flow/crack 
strain and f the flow function. For ten­
sion. the anisotropic Rankine yield 
function is chosen (represented by the 
solid line in Figure 10). which is a maxi­
mum principal stress failure criterion, 
formulated as 

I.. (", -".J;(", -"·) '/('" -"oj; (+1, -"oj), • ",r' (4 ) 

The current admissible stresses in 
the material x. y directions are denoted 
by 0 .. and o()- respectively. 

Simple expressions for the tensile 
resistance are given in Figure 9. As 
stated in the previous section, separate 
expressions are used in the orthogonal 
directions. with separate sets of model 
parameters. The hardening-softening is 
governed by equivalent tensile strain K" 
with an appropriate measure for SHCC 
considered to be the maximum principal 
plastic strain given by 

The equivalent strain increment can 
be shown to be directly related to the 
plastic flow increme'lt (6K, - CIA,) insert 
symbols. The parameter 0., controls the 
shear contribution to tensile failure. 
In compression. the limit function is 

f~ (+1' -"u) ;{"' -","Lk~ "l~(",-"~q ''',r' (6) 

The equivalent compressive strain is 

K =c P _ x y + x )' +!.. (7) ,p .. l' RP-,P] [)' 
< 2 2 2 2 

The intersection between the two 
limit surfaces is treated in a con­
sistent way, as proposed by KOiter 
(1953). 

dEP = dJ. oj, +,u oJ; 
, CIa < CIa (8) 

In tension. a cracking rate-depen­
dence is introduced following Wu & 
Ba~ant (1993) and van Zijl et al. (2001) 
as follows: 

dW = Aw, s;nh[ ttl (w) II (9\ 
c1 a, II' +CzJ; 

where 11', is a constant reference crack 
opening rate. 

The crack width w. which is as­
sumed to be spread uniformly across 
the fracture process zone of width 1

0
, 

can be related to the equivalent strain 
as follows: 

K, =/i (10) 

With eqs. (9, 10) the tensile strength 
equations (Figure 9) can be rewritten 
as 

'rj K, :S: K"" (11) 

plastic strain increment is expressed As for tension. it can be shown that 

where the index i refers to the mate­
rials axes. The coefficient c

7 
is a small 

offset value to prevent singularity of 
eq. (9) . The reference strain K, rate is 
directly related to w, cf . eq. (10). as follows: the 6Kc "" CIAo' 

Concrete Beton Journal 
13 No 123 • November 2009 



ACCREDITED TECHNICAL PAPER 

It should be a sufficiently low cracking 
rate at which the cracking strengths are 
rate-independent. In the current model, 

the rate terms represent all physical 
processes causing rate dependence, in­
cluding bot h cracking viscosity and fibre 
pull-out rate-dependence. The constitu­
tive model has been implemented as a 
user material in DIANA (200B). 

5 MODELLING RATE 
DEPENDENCE AND CREEP 
FRACTURE 
The ability of the model to represent 
observed SHCC rate-dependence and 
creep is demonstrated in this section. 
The simple case of uniaxial tension is 
considered here, representing the case 
for which the results are shown in Figure 
5. The model parameters were taken 
as average values of the following test 
results: 

(i) Monotonic, uniaxial tensile tests 
at low rates on dumbbell specimens to 
obtain the quasi-stat ic tensile strength 
and hardening-softening parameters. 

Note however that the lowest physical 
test load rate of e = lO-s S-1 was used. 
To incorporate lower tensile resistance 
at an even lower rate. the reduced val­
ues f ... : 1.8 MPa, f"", = 2.0 MPa. K,,,,, 
: 0 .035 and g ... : 0.01 N.mm"2 were 
chosen by inverse analysis to represent 
the case for c = ic = 10-8 S -J . 

(ii) Tensile creep tests on dumbbell 
specimens to compute spring stiffness 
and dashpost viscosities in the linear 
visco-elastic range, ie upto 50% of peak 
load - Figure 12 shows that tensile 
creep loads beyond 50% lead to nonlin­
ear creep. Note that shrinkage has been 
measured on sepa rate specimens and 
has been compensated for. 

(iii) Rate-dependent tensile tests 
on dumbbel l specimens, from which 
the cracking rate model (eqs. 11, 12) 
parameters were computed by inverse 
analysis: 

c
1 
= O.05,c2 = 0.001 alld k , = 10-8 S - I 

Thefinite element model results com­
puted with the constit utive model are 
presented in Figure 13. The numerical 
results of rate-dependent tensile tests 
are shown in dashed lines, with tensile 
st rain rates coinciding with those in the 
physical experiments (Figure 5). 

Also shown in the figure are numeri­
cal results of tensile creep analyses at 
various levels of sustained load (1.8, 
2.4. 2 .8 and 3.2 MPa). The results 
indicate that the creep limit is reached 
for tensi le creep at a sustained load 
level below a certain threshold, in this 
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case 2 MPa. Delayed fracture of the 
specimen does not occur at loads be­
low this level. Beyond this level, creep 
fracture occurs after significant creep 
deformation. This is in agreement with 
t he experimental results for the case of 
80% sustained load in Figure 5. except 
t hat the physical specimens have not 
yet fractured. Nevertheless. delayed 
fracture is expecteo, based on reported 
creep fract ure at high sustained tensile 
load (Jun & Mechtcherine 2007) and ob­
served in tensile creep tests on notched 
SHCC specimens (Boshoff et at. 200B). 

Note further that the computed 
responses to the rate-dependent. 
monotonic tests form an envelope of 
deformability for the creep specimens. 
beyond which creep rracture occurs. 

The numerical resu lts shown in Fig­
ure 13 are in reasonable agreement 
with t he measured responses in Figure 
5. Note however, that no attempt was 
made to incorporate a strain-dependent 
rate term to simulate the different mech­
anisms of rate-dependence described 
in section 3.2 .3 . By such distinction, 
improved agreement with experimental 
results may be obtained. 

6 CONCLU510NS 
This paper proposes a constitutive model 
for SHCC. Mechanisms of tensile creep 
and rate-dependence have been identi­
fied from recent experimental results. 
Rate-dependence of the cement-based 
matrix is considered to dominate in the 
low def?rmation range after first cracking, 
while rate-dependent fibre pull-out gov­
erns the response at large deformations. 

The constitutive model incorporates 
anisotropy in terms of different strengths 
and strain-hardening-softening curves 
for orthogonal material directions, for 
both tension and compression . The 
framework of mult i-surface cont inuum 
plasticity is used and extended to incor­
porate visco-elasticity for the bulk creep 
and cracking rate-dependence. 

The model requires further charac­
terisation for biaxial loading. For lack 
of such data, simple Rankine-type 
limit functions have been suggested 
and elaborated here. Current research 
activities include biaxia l testingof SHCC 
to investigate whether the linear func­
tions are appropriate. 

The model has been implemented as 
a user material in a commercial finite el­
ement programme and used in finite ele­
ment analyses to demonstrate its ability 
to capture the phenomena of creep, 
creep fracture and rate-dependence 
with reasonable accuracy. 

However, the model does not distin­
guish between the identified different 
physical mechanisms of rate-depen­
dence, acting at different levels of de­
formation in SHCC. This is a continued 
research focus. 
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