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  18TH INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS 

1  General Introduction  
The compression behavior of unidirectional steel 
fiber composites has been studied as a part of a 
larger study exploring possible applications of steel 
fiber reinforced polymers. In contradiction to glass 
and carbon fibers, the mechanical properties of steel 
fibers are rather ductile and after the yielding point 
highly non-linear. An important compression failure 
mode in unidirectional composites is kink-band 
formation. For conventional unidirectional fiber 
composite the fiber misalignment and plastic 
deformation of the matrix material plays the 
important roles in the kink-band formation [1,2]. 
Taken into account the weak elastic non-linearity of 
carbon fibers, only a negligible influence on the 
kink-band formation has been identified [3]. On the 
other hand, general structural buckling is known to 
be influenced significantly on material non-
linearity’s where the buckling load depends on the 
instantaneous stiffness of the material. Steel fibers 
optimized with respect to the tensile strength may do 
to the Bauschinger effect show a low yield stress in 
compression, see e.g. [4]. This may influence the 
compression failure of the composite significantly 
[5]. 
 

2  Numerical model 

Based on the individual non-linear elastic-plastic 
behavior of the fiber and matrix material, the 
compression failure is predicted using a plane strain 
2-D smeared-out incremental composite material 
model formulated for finite strains and rotations by 
Christoffersen and Jensen [6-7] and implemented in 
the commercial finite element code Abaqus by 
Sørensen, Mikkelsen and Jensen [8] as a user 
defined material using the UMat user interface. 
 

 
Fig.1. Initial horizontal fiber misalignments. 

 
The finite element model has been used to predict 
the kink-band formation in a block of material under 
compression. In order to facilitate the kink-band 
failure mode, a small imperfection has been 
introduced in the initial aligned fibers as a small 
fiber waviness as shown in Fig. 1. The waviness has 
a maximal miss-alignment angle, m , along a band 

width in the center of the material block. The band 
has the width  b   and is inclined with an angle,  , 

with respect the vertical direction of the block of 
material [8].  
Both the steel fibers and the polymer matrix material 
are modeled using a standard isotropic power law 
hardening elastic-plastic material law following a J2-
flow theory. From this, we have that both the fiber 
and the matrix material in the composites are given 
by individual Young’s  modulus, E , Poisson’s ratio, 
ν , initial yield stress, y , and a hardening exponent, 

n . Together with the fiber volume fraction of the 
composite, cf , this sums up to 9 material parameters 
in total for the composite. 
The two incremental given material laws are 
combined into a smeared-out incremental composite 
law by using the Voigt and Reuss classical model, 
respectively, working along and transverse to the 
instantaneous fiber-directions in the composite [6]. 
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3 Material behaviour 

Based on non-linear steel fiber tensile curves, the 
non-linear composite tensile curve and the non-
linear composite compression curve, the 
compressive non-linearity of the steel fiber has been 
extracted. In principle it should also be possible to 
extract the non-linear behavior of the matrix material 
from the tensile and compression test before failure, 
but do to the low matrix stiffness compared with the 
fiber stiffness, the polyester matrix properties has 
been taken from the literature. Assuming a power-
law hardening behavior of the following form 
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the set of representative material parameters for 
compression used in the study is shown in Table 1. 
For all cases analyzed, the fiber volume fraction is 
taken to be 0.4fc  . Do to the fact that the steel 

fiber material has been optimized in tension with a 
rather high yield stress and tensile strength on 
approximately 2GPa and 3GPa respectively with a 
hardening exponent on 10n  , the corresponding 
compression yield strength is found to be significant 
lower but with a significant steeper hardening curve   
 

 E   y  n 

Fiber 200GPa 0.3 700MPa 2 
Matrix 3GPa 0.4 35MPa 5 
 Table 1. Elastic-plastic compressive power-law 

hardening material parameters for the constituents 
 
Fig. 2 show the material response of a block of 
material when compressed in the horizontal 
direction. The initial fiber mis-orientation with 
respect to the horizontal direction is in the range 

[1 ;5 ]    . The simulations are performed using one 
4-noded element why a homogenous deformation 
state is obtained. In Fig. 2, it can be seen that for 
small initial fiber mis-orientations, the yielding of 
the fibers will occurs before matrix material which 
are also indicated by the fact that / /

y y

f f m mE E 

in the specific case. The fiber yielding will be 

followed by a non-linear loading curve, which after 
yield in the matrix material will follow a strongly 
non-linear loading shortening path including 
extensive shearing of the matrix material, load-drop 
and snap-back behavior giving a very imperfection 
sensitive behavior on the material level. If the plastic 
yielding of the matrix material is suppressed, only a 
monotonic increasing load are predicted. A 
observation also found using other material 
parameters [9]. In the case of larger initial fiber 
misalignments, only matrix yielding is observed. 
 

 
Fig.2. Compressive elastic-plastic material response 

of one linear element.  
 

4 Kink-band predictions 

In order to include the possibility of strain 
localization in the finite element model, a 
rectangular block of material with a height over 
length ratio on / 3 /10H L   under axial compression 
has been simulated using 30 100  4-noded linear 
elements. The unidirectional fiber orientation 
includes a small fiber misalignment with a smooth 
variation as shown earlier in Fig. 1. In the specific 
case, the imperfections parameters has been chosen 
to 5m   , 5   and / 2b L  resulting in a fiber 
misalignment variation as shown in Fig. 3 where the 
contours shows the angle levels 1 ,2 ,3 ,4 and 5       . 
Earlier simulations [8], shows only a weak influence 
of the  angle and the b  value on the kink band 
formation. On the other hand there is a strong 
influence of the maximum misalignment angle m  
on the kink-band formation and the load carrying 
capacity.  
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Fig.3. Initial horizontal fiber misalignment angles , 
 , in the case with 5m   , 5   and / 2 /10b L  . 

 
The solid red curve in Fig. 4 show the load versus 
shortening curve for the steel fiber, polyester matrix 
case from Table 1. Corresponding to the case 5  

from Fig. 2, the matrix material is yielding first, but 
now followed by a snap-back load versus shortening 
curve when the kink-band is forming.  A local 
yielding of the fiber material inside the kink band 
occurs later in this process.  The corresponding 
deformed structure are shown in Fig. 5 where the 
contours show the effective plastic strain of the 
matrix material. A plastic deformation which are 
only develop in the kink-band region. In   [9] it was 
found that if the yielding behavior of the matrix 
material is suppressed, no kink-band will form and 
the block of material will then form a Euler column 
buckling mode. 

 
Fig.4. Load versus shortening curve for a block of 

material under compression. 
 

 
Fig.5. The contours of the effective plastic strain in 

the matrix material shown on the deformed structure. 

 
The blue dashed curve in Fig. 4 show the 
corresponding case where the steel fiber material has 
been work harden even more in tension resulting in a 
lower compression yield stress. All other parameters 
are assumed to be unchanged. In this case, the fiber 
yielding occurs early in the loading story resulting in 
a strongly non-linear composite behavior. 
Nevertheless, it is first after the yielding of the 
matrix material that a kink-band can begin to form in 
the material block. In the specific case, the load 
carrying capacity is found to be unaffected of the 
much lower yield stress of the fiber material, but the 
softer overall composite response may lead to 
buckling failure of the composite structure, and the 
composite has a overall more flexible response.   
 

5 Conclusion  

A smeared out non-linear material model has been 
implemented in the commercial finite element code 
Abaqus using the UMat user interface. Using this, it 
has been possible to simulate kink-band formation in 
a block of material under compression. Predictions, 
which otherwise would require a full 
micromechanical model [3]. A micromechanical 
model, which will be completely unrealistic to 
perform for realistic composite structures such as 
simulating wind turbine blade.  In addition, such a 
micromechanical model will reveal unnecessary 
details. The smeared out model is found to give 
rather similar results to the micromechanical model. 
Nevertheless, the smeared out composite material 
law has no intrinsic length scale and consequently 
the width of the kink band is weakly mesh 
dependent as shown in [8].  
The numerical predictions will be compared with 
simple analytical models [10] and experimental 
measurements using compression test fixture [11]. 
The compressive elastic-plastic material response of 
the steel fibers will be extracted from the 
compression test of the composite. 

Acknowledgements 

The financial support from “Blade king” under “The 
Danish National Advanced Technology Foundation” 
and DSF-grant no. 09-067212 under “The Danish 
Agency for Science, Technology and Innovation” is 
gratefully acknowledged.  

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0  0.002  0.004  0.006  0.008  0.01

P
/(

A
E

m
)

ΔL/L

σy,f = 700 MPa
σy,f = 100 MPa

Fiber yield
Matrix yield



 

References 

[1] A.S. Argon "Fracture of composites. Treatise on 
Material Science and Technology", Academic Press, 
pp 79-114, 1972.  

[2] N.A. Fleck and B. Budiansky "Compressive failure 
of fibre composites due to microbuckling." Proc. 3rd 
Symp. on Inelastic Deformation of Composite 
Materials,  pp 235-273, 1991. 

[3] S. Kyriakides, R. Arseculeratne, E.J. Perry and K.M. 
Liechti. "On the compressive failure of fiber 
reinforced composites". Int. J. Solids Struct.,Vol. 32, 
No. 6-7, pp 689-738, 1995. 

[4] X. Peng, J. Fan and Y. Yang. "A microstructure-
based description for cyclic plasticity of pearlitic 
steel with experimental verification". Int. J. Solids 
Structures, Vol. 39,  No. 2, pp 419-34, 2002. 

[5] E.M.D. Ferran and B. Harris. "Compression Strength 
Polyester Resin Reinforced with Steel Wires". J. 
Composite Mater., Vol. 4, pp 62-72, 1970. 

[6] J. Christoffersen and H.M. Jensen. "Kink band 
analysis accounting for the microstructure of fiber 
reinforced materials". Mechanics of Materials, Vol. 
24, No. 4, pp 305-15, 1996. 

[7] H.M. Jensen and J. Christoffersen. "Kink band 
formation in fiber reinforced materials". J. Mech. 
Phys. Solids, Vol. 45, No. 7, pp 1121-36, 1997. 

[8] K.D. Sørensen, L.P. Mikkelsen and H.M. Jensen 
"User subroutine for compressive failure of 
composites".2009 Simulia Customer Conference, pp 
618-632, 2009. 

[9] K.D. Sørensen, L.P. Mikkelsen and H.M. Jensen "On 
the simulation of kink bands in fiber reinforced 
composites". Interface Design of Polymer Matrix 
Composites - Mechanics, Chemistry, Modelling and 
Manufacturing, pp 281-288, 2007. 

[10] N.K. Naik and R.S. Kumar. "Compressive strength of 
unidirectional composites: evaluation and 
comparison of prediction models". Composite 
Structures,Vol. 46, No. 3, pp 299-308, 1999. 

[11] J.I. Bech, S. Goutianos, T.L. Andersen, R.K. Torekov 
and P. Brøndsted. "A New Static and Fatigue 
Compression Test Method for Composites". 
Strain,Vol. 47, No. 1, pp 21-8, 2011. 

 
 
 


