
1 INTRODUCTION 

Since the introduction of fiber reinforced concrete 
(FRC) in the Model Code 2010 (MC2010) (fib 2010), 
designers can use this composite material in structural 
applications (di Prisco 2009). While design rules are 
given to take the post-cracking tensile capacity of the 
material into consideration, long-term performance 
due to creep is not accounted for. Creep of FRC under 
tension is of high importance in structural design and 
the subject has been gaining attention in recent years 
(Boshoff & Nieuwoudt 2017, Buratti & Mazzotti 
2017). 

In order to fully understand the mechanisms be-
hind the creep of cracked FRC, a multi-scale experi-
mental program has been completed. In total, over 
270 tests (both under short-term and creep loading up 
to 9 months) were completed on the fiber, fiber-ma-
trix interface and FRC scale. The results of the multi-
scale program were used to calibrate and validate a 
two-phased finite element model in which a uniaxial 
tensile creep load is applied to a specimen. The nu-
merical results were then used in a sectional approach 
that allowed for stress redistribution and time-de-
pendent crack width growth under sustained flexural 
loading. 

2 EXPERIMENTAL WORK 

The multi-scale experimental program considers 
short-term characterization and sustained uniaxial 
tensile loading tests on three distinct scales: (1) fiber 
(2) fiber-matrix interface and (3) composite, i.e. FRC, 
scale. 

2.1 Fiber behavior 

This paper reports one type of polypropylene (PP) fi-
ber which is commercially available in Belgium. The 
fiber (named B) is characterized as macro-synthetic 
fiber and are validated to be used in structural appli-
cations in accordance with EN 14899-2. The diameter 
and length is 0.7 mm and 55 mm respectively. Short-
term characterization tests are performed according to 
the newly revised standard EN 14889 and the me-
chanical properties are reported in Table 1, with ft, εft 
and E the tensile strength, the strain at maximum 
stress and the cord modulus respectively. The coeffi-
cient of variation is shown in brackets. 

 
Table 1: Mechanical properties of the fibers  

 ft [MPa] εft [%] E [MPa] 

B 490 (0.8 %) 9.5 % (2.0%) 6300 (3.5 %) 
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In addition to short-term testing, creep tests on 6 
specimens were completed at load ratios (LRs) be-
tween 22 % and 63 % of ft. Some specimens were 
kept under load for up to 270 days. The creep defor-
mations are shown in Figure 1. More details about in-
dividual fiber behavior can be found in literature 
(Vrijdaghs 2017a).  

2.2 Pull-out behavior 

The behavior of the composite material is determined 
by the strength of the bond between fiber and matrix. 
In order to assess this bond strength, pull-out tests are 
performed for various values of the embedded length 
(10, 15 and 20 mm) and angle (0, 15 and 30°). Addi-
tionally, pull-out creep tests are completed for LRs 
ranging from 25 % to 60 % of the short-term strength 
as measured on companion specimens at the same 
embedded length and angle.  

All pull-out tests considered pull-out from a con-
crete matrix, rather than a mortar phase in order to 
capture as accurately as possible the real behavior in 
the composite material. 

The short-term pull-out results for an embedded 
angle of 15° are shown in Figure 2, where it is noted 
that the pull-out response can be divided into 3 parts: 
(1) force build-up (2) instantaneous loss of strength 
following the maximum force (3) oscillating load pat-
tern or fiber fracture. This has been observed for other 
combination of the angle and length as well.  

The pull-out creep deformations are measured un-
der controlled environmental conditions and a sus-
tained load is kept on the specimen for up to 270 days. 
The results of single fiber pull-out creep is shown in 
Figure 3. 

 
 

 
It has been shown that single fiber creep defor-

mations are the driving force behind pull-out creep 
deformations and a positive feedback loop mecha-
nism is identified in which time-dependent Poisson 
contractions cause further pull-out creep defor-
mations. Further details on the pull-out tests setup and 
identification of the pull-out mechanisms is discussed 
elsewhere (Vrijdaghs 2017b).  

2.3 FRC behavior 

The composite behavior is identified under various 
types of loading. In all FRC tests, fibers are added to 
account for 1 V% and all tests are performed after 28 
days of curing. The characterization of FRC is stand-
ardized in Europe in accordance with EN 14651, 
where a notched three point bending test is used to 
measure the post-cracking residual tensile strength. 
The results of the characterization test is shown in 
Figure 4. 

Using the classification as outlined in MC10, the 
post-cracking strength class is 2d. Simultaneously, 
the compressive strength class is identified as C30/37, 
representing a normal strength concrete. 

The notched bending tests yields two similarly 
sized halves of the beam. From each half, a concrete 
core is taken with a diameter and height of 100 mm 
and 300 mm, respectively. At half height, these con-
crete cores are notched to reduce the diameter to 
80 mm. Subsequently, the notched cores are 

Figure 1. Single fiber creep deformations 

Figure 2. Pull-out response at various embedded lengths 

Figure 3. Single fiber pull-out creep 

Figure 4. Bending characterization according to EN 14651  



precracked to an initial crack width of 0.20 mm in the 
notched section. The precracking procedure is done 
manually and allows for a stable uniform crack width 
growth during the test, independent of the fiber distri-
bution in the cracked section. The precracked cores 
are then subjected to sustained uniaxial tensile load-
ing amounting to 30 % or 45 % of the residual 
strength at the precrack width. Each specimen is 
placed in a specifically designed cantilever based 
creep frame in a climate chamber at 20 °C and 60 % 
humidity. The time-dependent crack widening is 
measured for 270 days on 14 specimens (7 per LR). 

The creep deformations are shown in Figure 5. 
Further details and experimental results can be in 

literature (Vrijdaghs 2018). 

3 NUMERICAL MODELING 

While the experimental program yields important re-
sults, the high time-, space- and cost constraints of 
experiments limits the practical study to time frames 
up to 1 (or several) years. In practice, structures need 
to satisfy structural requirements during the entire life 
time of the element. Therefore, numerical modeling 
can be used to assess the creep deformations for time 
scales up to 50 years. 

In order to capture the structural interaction be-
tween fiber and matrix, both in space and in time, a 
two-phased numerical model is developed and built 
where fibers are considered separately from the con-
crete matrix. While this significantly increases the 
computational cost (especially in contrast with a ho-
mogeneous approach to the material), the model can 
be used to determine the tensile stresses in the fibers 
crossing the crack. Additionally, the short-term and 
creep results obtained in the multi-scale experimental 
program can be used to calibrate the material models 
of the fibers and matrix, and the resulting numerical 
crack width growth can be compared against the 
measured crack widths during the FRC creep tests. 

The numerical modeling consists of three phases: 
(1) preprocessing, i.e. generation of the fibers in the 
predefined volume, (2) construction of the FEM and 
simulating the creep deformations and (3) post-pro-
cessing and comparison with experimental data. In 

the present approach, the influence of the fiber disper-
sion is stochastically taken into account by generating 
25 different fiber sets. Each fiber sets contains a num-
ber of fibers which are randomly distributed through-
out the predefined volume. As such, a Monte-Carlo 
analysis allows to determine the influence of the em-
bedded angle or length on the fiber stress. Further-
more, such an approach can be easily extended to in-
clude a preferential fiber orientation and its effect on 
the time-dependent crack width growth. However, the 
latter mechanism is not included in this paper. 

3.1 Fiber generation algorithm 

A fiber generation algorithm (FGA) is developed 
in MATLAB that can generate straight fibers in a 
user-defined volume, in this case a prism of 
150x150x400 mm³, corresponding to one half of the 
EN 14651 beam. Following input of the required fiber 
fraction, and the geometrical properties of the fiber, 
the algorithm consecutively generates new fibers. 
Each fiber is defined by its two end points, connected 
by a straight line with a length equal to the fiber 
length. 

The FGA randomly picks a point, representing one 
end of the fiber, within the defined volume. The ori-
entation of the fiber is defined by two angles α and β: 
the former is the angle of the fiber projection in the 
xy-plane with the y-axis, and the latter is the angle 
between the xy-plane and the fiber axis. The location 
of each fiber is checked to ensure that (1) the end 
points are within the concrete volume and (2) the fiber 
is sufficiently far from all other up-until-then gener-
ated fibers. Mathematically, the minimum distance 
between the axis of any two fibers needs to be at least 
two times the fiber diameter. If both requirements are 
fulfilled, the fiber location is fixed and a new fiber is 
generated. 

Then, a numerical core with a diameter of 100 mm 
is extracted from the beam and is sawn to a height of 
300 mm. Both coring and rectifying have an effect on 
the fibers in the prism, as fibers can be (1) completely 
within the core, (2) intersecting the core or (3) com-
pletely outside the core. In the first case, the entire 
fiber is kept intact, while the fiber is cut in the second 
case, retaining only the part within the cylinder. In the 
third case, the fiber is discarded. Next, the core is 
notched at mid-height to decrease the diameter to 
80~mm. Again, fibers can be (partly) cut by the pro-
cedure, and the algorithm automatically retains and/or 
discards the relevant parts for each fiber. Addition-
ally, a crack is introduced in the notched section: two 
perfectly flat crack faces are separated by an uniform 
initial crack width, corresponding to the average ex-
perimentally observed irreversible crack width after 
unloading. After the coring, rectifying and notching, 
the location of all fibers in one fiber set is known. The 

Figure 5. Creep deformations of FRC  



outlined procedure is repeated 25 times in order to as-
sess the influence of the fiber dispersion on the pre-
dicted creep results. 

3.2 Construction of the FEM and simulation 

The model consists of a solid concrete mesh in which 
the fibers are randomly distributed. The FEM is con-
structed in DIANA which allows the fibers to be de-
fined independently from the concrete mesh. As such, 
the background concrete mesh remains identical be-
tween the different fiber sets and represents the two 
halves of the notched core. 

The FEM consists in total of 4 different element 
types: (1) 3D solid elements, (2) embedded reinforce-
ments, (3) bond-slip reinforcement elements and (4) 
beam elements. All element types use quadratic inter-
polation functions. The 3D solid elements are ten-
node, three-side isoparametric solid tetrahedrons and 
are used to represent the concrete matrix. The embed-
ded reinforcement elements are used to define fibers 
that are not crossing the crack. These fibers contribute 
to the stiffness of the material, but since they are not 
crossing any crack, they take up only very limited 
forces and are therefore assumed to be perfectly 
bonded. The third element type is a bond-slip rein-
forcement to model fibers crossing the crack. As these 
fibers take up significant parts of the tensile load, they 
cannot be assumed to be perfectly bonded. Therefore, 
a interfacial bond-slip behavior is defined for every 
fiber crossing the crack. The fibers can then slide with 
respect to the concrete matrix at load application. Fi-
nally, beam elements are used to model the fibers in 
the cracked section itself. In the crack, no mother el-
ements are present in which reinforcement element 
could be embedded. Therefore, bond-slip reinforce-
ment elements are connected by beam elements in the 
crack.  

The pull-out displacements of the bond-slip fibers 
are defined and calibrated based on the short-term 
pull-out test data. Since every bond-slip fiber has a 
different embedded angle and length, each fiber is as-
signed a unique material model. The creep of the fi-
bers is taken into account by implementing a time-de-
pendent stiffness material model for the beam 
elements in the crack. Since the experimental pro-
gram on the fiber-matrix interface identified the sin-
gle fiber creep deformations as the driving force be-
hind pull-out creep, the time-dependent pull-out 
deformations are lumped in the single fiber creep 
curves implemented for the beam elements. As such, 
pull-out creep is (only) implicitly taken into account. 

The boundary conditions of the numerical model 
are simple and are only imposed on two nodes. On the 
bottom of the concrete core, a node is placed directly 
on the axis of the core, and this node is fixed in all 
three translational directions. Conversely, on the top 
on the concrete core, a node on the core's axis is fixed 
in the horizontal directions, but is free to deform in 

the vertical direction. Note that the solid concrete el-
ement only has translational DOFs so rotational 
boundary conditions cannot be assigned. 

The load is applied to the specimen at the nodal 
location of the top boundary condition. At this point, 
a tensile load is applied along the core's axis equal to 
30 % or 45 % of the average experimental residual 
strength at the precrack width of 0.2~mm. The load is 
applied instantaneously at t = 1 s and the total simu-
lated time period is 50 years, divided into 225 loga-
rithmically spaced time steps.   

Finally, to ensure stability in the non-linear analy-
sis, a linear stiffness iterative scheme is implemented 
where the stiffness matrix is computed only once 
every time step. In order to speed up as much as pos-
sible the iteration scheme, the first iteration in each 
time step is a simple scalar multiplication of the pre-
vious incremental solution through the implementa-
tion of a continuation algorithm. Fiber fracture, and 
the associated required stress redistribution, are nu-
merically controlled through the use of the line search 
algorithm. For every incremental time step, conver-
gence needs to be reached within at most 500 itera-
tions. Convergence is reached if the displacement and 
force norm (i.e. the ratio of the Euclidian norm after 
the current iteration to the Euclidian norm of the ini-
tial unbalance) are simultaneously satisfied with a tol-
erance value equal to 2 %. 

3.3 Numerical results and comparison 

All simulations are ran on a 6-core, 12-threated Xeon 
processor with 32 GB RAM on a Windows 10 plat-
form. The total calculation time consists of both the 
fiber generation time as well as the simulation in DI-
ANA. For both fiber types, the complete generation 
and simulation of 1 fiber sets takes around 8.5 hours, 
with both parts lasting roughly equally long. The en-
tire process is automated so that all 25 fiber sets can 
be simulated without manual intervention. 

In Figure 6, the average experimental creep defor-
mations are shown for every creep specimen at a load 
ratio of 30 % (left) and 45 % (right). Additionally, the 
average numerical predictions across all 25 fiber sets 
is shown, together with a scatter band representing 
80 % of all specimens. Finally, the average, minimum 
and maximum creep deformation predicted by the nu-
merical model are also shown. 

Figure 6. Comparison of experimental and FEM data 



The comparison between the experimental and nu-
merically obtained creep curves indicate that the 
model is able to capture the crack width growth to an 
acceptable degree, given the various assumptions. 
The instantaneous and first-week creep deformations 
are overestimated by the model, owing to assumption 
of a perfectly flat crack surface. Indeed, upon non-
uniform crack opening, the crack partially closes, 
which in turn is counteracted by the protruding aggre-
gates in the experiments. However, in the numerical 
model, no such retardation mechanism exists and fi-
bers are free to deform without any obstruction.  

The numerical results show that no structural fail-
ure is observed, even for time scales up to 50 years.  

4 SECTIONAL APPROACH 

While the numerical analyses can be used to predict 
the creep deformations after several decades under 
sustained uniaxial tension loading, in practice, uniax-
ial tension is of little significance. Indeed, the creep 
deformations under flexural loading are much more 
of interest for a designer. Therefore, a sectional ap-
proach is presented that can be used to predict time-
dependent crack width growth for cracked FRC under 
sustained bending loads. The sectional approach con-
siders the cracked section of the notched EN 14651 
beam test and divides the section in a number of ele-
ments over the height of the section. Horizontal and 
bending moment equations can be formulated and ex-
pressed as a function of the stress profile over the 
height of the section.  

4.1 Overview and methodology  

The sectional approach simplifies the constitutive 
relations in order to keep the computational time in 
check. Specifically, concrete is assumed to behave 
linear elastically in compression and a linear-plastic 
stress-strain relation is assumed in tension. Given 
then a certain initial precrack width, the stress profile 
under the assumption of the simplified constitutive re-
lations can be computed such that the horizontal and 
moment equations are satisfied. Then, the creep 
curves are assigned to each element in the sectional 
approach, where the compressive creep model pro-
posed in MC10 is assigned to elements subjected to 
compression. For the elements in the cracked part of 
the section, the results of the numerical model are 
used to predict the creep deformation in each element 
as a function of its own stress level and time.  

For a flexural creep test, the applied bending mo-
ment remains constant but the resulting crack width 
continuously increases due to fiber creep, fiber pull-
out or fiber rupture. The latter mechanism not only 
causes an instantaneous increase in the crack width, 
but requires a stress redistribution in the cracked sec-
tion as well. Indeed, part of the section cannot take up 

any forces any more, and the resulting change in 
stress in all other parts of the section causes a corre-
sponding change in deformation. The sectional anal-
ysis can take into account the stress redistribution 
caused by localized fiber fracture. The resulting 
changes in deformation for any element can creep in 
time themselves.  

Globally, deformation profile δ(t,y) as a function 
of the height in the cracked section y can thus be ex-
pressed as the summation over all instantaneous de-
formations Δδk (resulting from a change in applied 
bending moment, or from a stress redistribution fol-
lowing fiber fracture) multiplied by their own time-
shifted creep coefficient φk(t,y,tk). This is expressed in 
Equation 1. 

 
𝛿(𝑡, 𝑦) = ∑𝜙𝑘(𝑡, 𝑦, 𝑡𝑘) ⋅ Δ𝛿𝑘(𝑡𝑘, 𝑦)  (1) 

4.2 Results and discussion 

Since neither the experimental data, nor the numerical 
results indicated structural failure for any specimen, 
the sectional approach never needs to account for 
stress redistribution. Nevertheless, and in order to 
highlight the performance of the presented algorithm, 
it is assumed that a cracked element cannot sustain 
any further load is the total deformation of that ele-
ment at any time exceeds a certain limit value. This 
limit value can be arbitrarily chosen, and in the pre-
sented results, it is set to the maximum deformation 
observed during the precracking procedure of the 
bending test. Indeed, before the start of the flexural 
creep simulation, the EN 14651 beam is precracked 
to a crack mouth opening displacement of 0.5 mm 
and the resulting deformation profile over the height 
is calculated. The maximum observed deformation 
over the height is assigned to the limit deformation.  

In the following, the (simulated) results of a flex-
ural creep tests on 1 specimen, precracked to 0.5 mm 
and subjected to a flexural load equal to 50 % of the 
strength at the precrack level are presented. The mean 
response is shown as a function of time, together with 
the minimum and maximum observed response as 
well as the 10 % and 90 % quantile values. 

Figure 7. Predicted CMOD in function of time 



In Figure 7, the global response in terms of CMOD 
as a function of time is shown. While the crack open-
ing remains relatively in check for most predictions 
(based on the 25 FEM simulations), one particular 
prediction sees the CMOD increase dramatically, re-
ferring to the maximum response. For this particular 
simulation, a relatively low number of fibers crossed 
the cracked section in the numerical simulations, 
leading to a higher creep rate. In the sectional ap-
proach, significant stress redistribution is observed 
which sets in motion a positive feedback loop created 
by increasing stresses in the remaining part of the sec-
tion. Indeed, the stress evolution in time for the tensile 
stress at the bottom of the crack σT and the maximum 
compressive stress σC is shown to increase, refer to 
Figure 8.  

 

The compressive stress can even exceed the 
strength of the concrete, and structural failure is pre-
dicted for this specimen. It is shown that the presented 
sectional approach can indeed predict crack widths, 
stress evolutions and structural failure and can be eas-
ily extended or simplified for use in design codes. 

5 CONCLUSIONS 

This paper presents an overview into research on the 
time-dependent behavior of cracked polypropylene 
fiber reinforced concrete under sustained uniaxial 
tensile loading. The research considered a multi-scale 
experimental program where the short-term proper-
ties, as well as the creep behavior is investigated on 
three different scales: fiber, fiber-matrix interface and 
composite. The results of the experimental program 
are used to calibrate and validate a two-phased nu-
merical model, which in turn is used as input for a 
design-focused sectional approach. The main results 
of the work are summarized below. 

The experimental work has shown that the load ra-
tio greatly influences the behavior across all scales. 
Higher loads lead to proportionally faster failure and 
more brittle behavior. Similarly, the fiber behavior 
was found to be of high importance in the pull-out and 
composite performance, both under short-term and 
creep loading. 

The two-phased numerical model was shown to be 
effective to predict the crack width growth upon cali-
bration of the fiber and interface models. Structural 
failure was not observed even after creeping for 50 
years for all simulations in the Monte-Carlo analysis. 

A sectional approach is presented that can take into 
account stress redistribution due to time-dependent fi-
ber fracture or varying load levels. The results show 
that the global response can be accurately predicted 
and that the model can predict structural failure. As 
such, an extension can be made towards inclusion of 
the approach in design codes. 
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