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Abstract  Understanding the stiffness of a concrete 
structure is crucial to analyze it, particularly for stati-
cally indeterminate structures. Stiffness degradation 
– commonly referred to as damage – occurs with the 
onset of cracking or large compressive strains. For 
most conventional and specialized types of concrete, 
damage studies and models for predicting damage 
development are available. However, more informa-
tion is needed about the damage behavior for the most 
common steel fiber reinforced concrete in Europe 
with strength class C30/37 and modern end-anchored 
high-strength fibers in dosages of 20–40  kg/m3.  
Therefore, in this study, these common steel fiber 
concretes were subjected to multiple load cycles in 
(1) uniaxial compression tests on cylinders and (2) 
direct tensile tests on bone specimens to investigate 
their damage behavior. The resulting damage was 
then compared to known damage laws, but none 
of the models predicted accurate damage results. 
Finally, an existing damage law for plain concrete 
was modified as a function of the residual flexural 
tensile strength—the relevant parameter for describ-
ing the performance of the steel fiber reinforced con-
crete. Hereby, we were able to decisively improve 

the agreement between experimental results and the 
theoretical prognosis by utilizing our modified dam-
age law.

Keywords  Steel fiber reinforced concrete (SFRC) · 
Stiffness degradation · Damage law · Low cycle direct 
tensile test · Low cycle compressive test · Damage 
propagation

1  Introduction

Steel fiber reinforced concrete (SFRC) for struc-
tural applications is more commonly used, which is 
reflected for instance by the inclusion of SFRC in 
the new Eurocode 2 [1]. Realistic prediction models, 
e.g. based on numerical simulations [2–4], require 
detailed knowledge of the material properties of 
SFRC. In addition to knowing the compressive and 
tensile properties, the stiffness degradation, also 
known as damage, at compressive strains or tensile 
cracks must be understood. Damage changes the stiff-
ness ratios in the structure, resulting in a redistribu-
tion of internal forces in statically indeterminate sys-
tems. Accurate knowledge of damage processes is 
therefore essential for structural calculations. Damage 
can be determined experimentally using uniaxial low 
cycle tests. For plain concrete, such tests have already 
been carried out many times (e.g. compression tests 
in [5–7], tensile tests in [8–11]). This resulted in sev-
eral approaches to calculate damage in compression 
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(e.g. [5, 6, 12–14]), and tension (e.g. [12, 13]). Dab-
bagh has listed further models in [15]. For other types 
of concretes, such as hybrid fiber reinforced concretes 
(HFRC) (e.g. [16, 17]), short polypropylene fiber 
enhanced recycled concrete (PFRAC) [18], and utra-
high-performance fiber-reinforced concrete (UHP-
FRC) (e.g. [19]), there are also investigations and 
damage prediction models.

In the last few years, SFRC damage behavior stud-
ies have often been performed on flexural tensile tests 
[20–24]. However, they only allow indirect conclu-
sions about the tensile damage behavior. There are 
also some studies on the uniaxial damage behavior 
of steel fibers under pure compression [25, 26] and 
tension [27–29]. The focus of these studies is on 
acoustic emission based damage monitoring [29], 
concretes with high compressive strength (fc between 
55 and 85  N/mm2 [25, 29]) and steel fiber contents 
of 80–160 kg/m3 [16, 26]. This far exceeds the com-
monly used steel fiber concretes with compressive 
strength classes ranging from C20/25 to C35/45 and 
fiber contents of 20–40 kg/m3 [30], which are also 
investigated in other contexts in recent studies such 
as [21, 29, 31]. For those typical SFRCs, the authors 
are not aware of any low cyclic uniaxial investigation 
providing a quantification of the stiffness degrada-
tion (damage). For this reason, we have conducted 
and evaluated our own experimental investigation. 
The damage thus determined is compared with exist-
ing damage laws, and due to lack of agreement, we 
formulated a new (i.e. modified) relationship based 
on Marks damage law [12], also published in English 
language in [32].

2 � Experiments

2.1 � Materials

The concrete mix used was a C30/37 with a slightly 
increased w/c ratio to avoid excessively high 
strengths. The aim was to achieve a compressive 
strength of 35 N/mm2 (Cylinder 150/300), which 
is in the lower to middle range of the C30/37 and 
therefore representative for typical SFRC [30]. 
Table  1 shows the concrete mix design. Dramix 4D 
65/35 BG [33] steel fibers were used. These have 
35  mm fiber length, 65 aspect ratio, 1,850  N/mm2 

nominal tensile strength, and 200,000 N/mm2 nomi-
nal Young’s modulus.

All tests were performed when the concrete was 
at least 28 days old. In addition to the actual tests, 
the fiber content was determined on three fresh con-
crete specimens (washout test) according to [34], 
three Young’s modulus tests according to DIN EN 
12390–13 [35], three-point flexural tests according 
to EN 14651 [36], and the residual flexural strengths 
fR1 to fR4 were evaluated. For the 4D80 and 4D40 
fiber contents, the low-cycle compression and tensile 
tests were performed on different test days (i.e. dif-
ferent age if the specimens). A series of six flexural 
tests were performed on both test days. Due to the 
small deviation ≤ 0.5 N/mm2 in the mean values per 
test day, all 12 tests per fiber content were averaged. 
The 4D20 tests were performed on one test day. Only 
one series of six flexural-tension tests was performed. 
Figure 1 shows the results of the flexural tests.

We evaluate the mean compressive strength of 
concrete from cylinder tests and derive the mean 
tensile strength from bone tests (see next section). 
Table 2 presents a summary of the principal material 
properties.

2.2 � Test program and overview

The test program consisted of uniaxial compression 
tests on cylinders (d/h = 150/300  mm) and uniaxial 
tensile tests on bone shaped specimens. Table 3 shows 
the number of specimens tested. The series names all 
begin with 4D, which indicates the type of steel fiber 
used (Dramix 4D fibers), and a number following it 

Table 1   Concrete mix design

Cement CEM II/B-M 42,5 N (S-LL) 375 kg/m3

Fly ash 40 kg/m3

Sand 0–4 mm 802 kg/m3

Gravel 4–8 mm 273 kg/m3

Gravel 8–16 mm 632 kg/m3

Water 199 kg/m3

Superplasticizer
FM Sika ViscoCrete 1095

0.64 kg/m3

(w/c)eq
regarding fly ash

0.51

Steel fibers
Dramix 4D 65/35 BG [33]

varied content
80, 40 or 20 kg/m3
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(20, 40, 80), indicating the steel fiber content in kg/
m3.

Figure  2 shows the compression test setup. The 
cylinders were ground and the achieved flatness of 
the surfaces was checked. They were then tested in 
a 10  MN universal test rig, with strains and defor-
mations of the specimen being recorded by three 
strain gauges and three linear variable differential 
transformers (LVDT’s). To evaluate the compres-
sive strain, the average of the three strain gauges was 
used until the peak load was reached. After the peak 
load, the strain was calculated as the average of the 
LVDT’s divided by the height of the specimen. This 
procedure eliminates slip effects and has also been 
used by Müller in [38].

The load was applied in a displacement controlled 
manner in accordance with the scheme shown in 
Fig.  2c. The cylinders were unloaded in 0.30  mm 
increments to a very low load of 5 kN. The load was 
then reapplied under displacement control. The tests 
were continued until there was no longer significant 

load that could be absorbed by the concrete. This 
resulted in 11 to 16 cycles per cylinder.

The setup of the direct tensile tests is shown in 
Fig.  3. After reviewing numerous specimen shapes 
and test setups in literature (e.g. [39–43]), we have 
chosen a 72 cm long bone with a width of 10 cm in 
the central region according to Look [42]. Half of 
the bone specimens were produced with bone-shaped 
formwork. For the remaining specimens, the bone 
shape was cut out of rectangular concrete prisms 
using a high-pressure water jet (analogous to Look 
[42]), which eliminates the lateral influence of fiber 
orientation at the edge of the formwork. No influence 
of the different manufacturing methods on the dam-
age behavior was observed, therefore no differentia-
tion is made in this paper.

The thickness of the bone specimens constantly 
is 10 cm. At each bone end, four M8 threaded rods 
cast in concrete with screwed-on nuts connected the 
bone to the test rig. The cross-sectional area of the 
bone tapers gradually without causing stress peaks 
[42, 43]. The crack is expected to occur in the cen-
tral area marked in gray with a cross-sectional area 
of 100 × 100  mm. In the presented series of tests, 
this occurred in 27 of 29 bone specimens. Over this 
area, four LVDT’s were placed to measure the devel-
oping crack opening. The reference length of the 

Fig. 1   Load-CMOD relations from three-point flexural tensile 
tests according to EN 14651 [36]

Table 2   SFRC material properties

* Calculated according to Model Code 1990 [37] with formula: Ec0 = 2.15·10,000·(fcm/10)1/3

Vf
(kg/m3)

fcm
(N/mm2)

Ec0
(N/mm2)

fctm
(N/mm2)

fR1
(N/mm2)

fR2
(N/mm2)

fR3
(N/mm2)

fR4
(N/mm2)

80 34.8
COV = 3.8%

32,860* 2.41
COV = 11%

6.51
COV = 16%

6.61
COV = 15%

6.01
COV = 13%

5.25
COV = 15%

40 34.0
COV = 3.6%

33,462* 2.42
COV = 17%

3.80
COV = 19%

4.90
COV = 21%

4.77
COV = 21%

4.20
COV = 21%

20 35.4
COV = 1.9%

31,450* 2.83
COV = 8.1%

2.24
COV = 25%

2.84
COV = 25%

2.90
COV = 25%

2.67
COV = 25%

Table 3   Number of specimens tested per series

Test series 4D20 4D40 4D80

Fiber content 20 kg/m3 40 kg/m3 80 kg/m3

No. of cylinders (compres-
sion)

6 6 6

No. of bone specimens (ten-
sion)

10 10 9
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LVDT’s was 130 mm. Up to a machine displacement 
of 1.50 mm, this was applied at a very slow rate of 
0.003  mm/s. Within this loading step, a sudden ini-
tial cracking occurred, as can be also seen in [44]. 
After the initial crack appeared, the loading rate was 
increased to 0.006  mm/s. Each bone was unloaded 
to 500 N in four cycles at machine displacements of 
1.50, 2.25, 3.00, and 4.50 mm.

2.3 � Test results with a focus on damage

As the strain or crack opening increases, the stiffness 
of the SFRC decreases, which is typically referred 
to as damage. Figure  4a schematically shows the 

elements of plastic damage models that may be incor-
porated into FEM analyses, such as in the Concrete 
Damaged Plasticity model [45, 46]. At unloading, 
some components of the total strain (εc) are reversible 
(εel), while others remain as plastic strain (εpl). The 
Young’s modulus decreases as the strain increases, 
which results in flatter gradients. Equation (1) can be 
used to calculate the damage parameter (dc or dt) if 
the actual modulus or gradient Ei is known. The same 
principles apply for tension, as shown in Fig. 4b.

(1)d = 1 −
(

Ei∕E0

)

Fig. 2   Compression tests 
on cylinders: a test setup, 
b measurement equipment 
and c test program

Fig. 3   Tensile tests on 
bone specimens a Test 
setup, b Measurement tech-
nique and load application, 
and c Test program
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Figure 5 shows an example of the results of a sin-
gle compression test 4D40_DV_01 with a steel fiber 
content of 40  kg/m3. In addition to the recorded 
stress–strain relationship including the unloading 
cycles, the peaks of the respective unloading cycles 
are marked with triangles and connected linearly. It 
can be clearly seen that these straight lines become 
flatter and flatter. The current modulus of elasticity 
Ei is determined from the difference of the strains 
according to Eq. (2).

Equation 1 can then be used to determine the dam-
age parameter dc, which is plotted against the total 
strain in Fig. 5b. Each unloading cycle results in one 
marker in the damage diagram.

The same principle is applied in the tensile tests. 
Figure  6a shows the stress-crack width relationship 

(2)Ei =
�top − �bottom

�top − �bottom

of an exemplary test 4D40_ZZV_03, which has a 
fiber content of 40  kg/m3. There is no measurable 
crack width until the tensile strength of 2.72 N/mm2 
is reached. Subsequently, a crack with a width of 
approx. 0.5 mm develops suddenly and the steel fib-
ers take over the load-bearing function. Here, too, 
the extreme points of the unloading loops are marked 
with triangles and linearly connected, allowing the 
current stiffness Ei to be calculated. Using Eq. 1, the 
relationship to the damage parameter dt is also cal-
culated here and plotted against the crack width in 
Fig.  6b. With four scheduled unloading cycles per 
bone, there are four markers in the damage diagram.

Figure  7 shows the damage values determined in 
this way as points of all individual tests sorted by 
test series 4D20, 4D40 and 4D80. Regression poly-
nomials were calculated for each fiber content from 
all individual damage values, which are presented 
as solid lines. The root mean square error (RMSE) 
between each  set of data points and the regression 
polynomial, which describes the average deviation in 

Fig. 4   Definition of 
stresses, strains, and dam-
age under a compression, 
and b tension; modified 
from [12]

Fig. 5   Test result of a single compression test: a stress–strain relationship with peaks of the unloading cycles and b damage
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the same unit as the data, is also reported. The smaller 
this value, the more accurately the data points are 
described by the regression polynomial. In the com-
pression tests in Fig. 7a, it can be seen that the data 
points show little scatter, as reflected in the RMSE 
between 0.012 and 0.03. The damage curves initially 
overlap and rise steeply. From a compressive load of 
around 4‰, the curves flatten out and approach dif-
ferent levels. The curve with a fiber content of 80 kg/
m3, 4D80, exhibits the minimal damage around 0.80. 
As the fiber content decreases, the damage noticeably 
increases. The damage reaches a value of 0.88 at a 
fiber content of 20 kg/m3 (4D20).

Figure 7b shows the individual values of tensile 
damage and the corresponding regression curves. 
Due to the abrupt initial crack opening, it was not 
possible to collect experimental damage data for 
very small crack widths. The regression curve is 
shown dotted up to the first damage result of the 
respective test series. As can be seen here, increas-
ing fiber content results in less damage for the same 
crack opening. Again, different final damage levels 
can be observed, depending on the fiber content. 
However, the existing scatter is more pronounced 

(RMSE from 0.026 to 0.040), which makes it dif-
ficult to draw conclusions. The essential result of 
decreasing final damage levels with increasing 
SFRC performance is in line with the results from 
literature [16, 26, 28, 29].

The impact of steel fibers on damage behavior 
can also be seen in the photos of the compressive 
specimens themselves. Figure  8 shows cylinders 
at the end of the low cycle compression test. As 
(1) the specimens were subjected to loads well in 
excess of the maximum load and (2) the steel fibers 
prevent loose parts from breaking off, these fracture 
patterns should be interpreted in a more qualitative 
manner. No splitting or shear failures were detected. 
For comparative purposes, a cylinder without steel 
fibers is presented on the far left. Some parts of 
the cylinder are destroyed and are lying beside the 
rest of the specimen. In contrast, the cylinder with 
20  kg/m3 steel fiber content remains intact despite 
significant cracking. By increasing the steel fiber 
content to 40 or 80 kg/m3, the visible cracks become 
smaller and smaller. An influence of the steel fibers 
on the specimen stiffness is therefore obvious.

Fig. 6   Test result of a 
single tensile test: a stress-
crack opening relationship 
with peaks of unloading 
cycles and b damage

Fig. 7   Damage results of 
all single tests and with 
regression polynomials of 
the series: a compression, 
b tension
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3 � Comparison of the test results with existing 
damage laws

In this section, the experimental damage data will 
be compared with the existing damage laws from 
the literature. We have selected the damage laws of 
Mark  [12], Li  [26, 28], and Xu  [16]  from among 
known approaches. Below we present a brief over-
view of them.

Compression and tension damage law according to 
Mark [12]:  In his habilitation thesis [12], Mark for-
mulates damage laws for compression and tension in 
plain concrete, also published in English in [32]. The 
existing total strain is divided into the components σc 
/ Ec0 and εin (see Fig.  4). Subsequently, the damage 
can be calculated according to Eqs. 3 and 4 as a func-
tion of the existing stress σ, the undamaged modulus 
of elasticity Ec0 and a control parameter bc or bt. Real-
istic results are obtained with bc = 0.70 and bt = 0.10, 
according to Mark [12].

Compression damage law according to Mark [12]:

Tension damage law according to Mark [12]:

(3)dc = 1 −
�c∕Ec0

�in
c
⋅

(

1 − bc
)

+ �c∕Ec0

(4)dt = 1 −
�t∕Ec0

�
in
t ⋅

(

1 − bt
)

+ �t∕Ec0

Compression damage law [26] and tension damage 
law [28] according to Li:  In 2017, Li [26] inves-
tigates the compression damage behavior of SFRC 
with fiber contents of 80–160 kg/m3. Based on exper-
iments on prisms, Li [26] formulates an empirical 
damage law, which includes the reinforcing index λsf. 
This reinforcing index λsf is a parameter for describ-
ing the performance of the steel fibers, which is calcu-
lated from the steel fiber content Vf (volume fraction) 
of and multiplied by the fiber aspect ratio (Eq. 5). The 
remaining coefficients in Eq. 6 have been determined 
empirically by curve fitting. The compressive damage 
dc is calculated as a function of the reinforcing index 
λsf and the compressive strain ε in ‰. The present 
stresses are not taken into account.

Compression damage law according to Li [26]:

Tension damage law according to Li [28]:  Analo-
gous to the above investigations, Li [28] is conduct-
ing investigations on the tensile damage behavior of 
steel fiber concretes with fiber contents of 40–160 kg/
m3. The research manly focused on fiber contents 
of 120  kg/m3. Cylindrical specimens with a diam-
eter of 75  mm and a height of 200  mm were used. 
In addition to the fiber content, the fiber length was 

(5)�sf = Vf ⋅

(

lf

df

)

(6)dc = 1 −
(

0.627 + 0.088 ⋅ �sf
)

⋅ �
0.173⋅�sf−0.861

Fig. 8   Cylinders at the end of compression tests with fiber contents (from left to right) of 0.0, 20, 40 and 80 kg/m3
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varied between 20 and 40 mm and thus also the fiber 
slenderness changed. As with the compression dam-
age law ([26]), the reinforcement index according to 
Eq. (5) is included in the tensile damage law. This is 
denoted RI in [28], but is still referred to as λsf here 
for consistency. Equation 7 shows the tensile damage 
law according to [28]. In addition to the reinforce-
ment index, the strain ε in µm/m and various empiri-
cal factors are included in the model. The present 
stress is not taken into account.

Compression and tension damage law according 
to Xu [16]:  Xu [16] studies the damage behavior of 
hybrid fiber concretes containing 80–160 kg/m3 cor-
rugated steel fibers as well as polypropylene (PP) fib-
ers. Both compression prisms (150/150/300 mm) and 
tension cylinders (75/200  mm) are cyclically loaded 
and the damage behavior is analyzed. Equation  8 
shows the developed equation to predict the compres-
sive damage of hybrid fiber reinforced concrete. As in 
Li [26, 28], the reinforcement index λsf is used in the 
calculation according to Eq.  (5). In addition, a coef-
ficient λpf is added in the exponent to account for the 
PP fibers. Neglecting this part, Eq. 9 is obtained.

For the tensile damage, the approach according to 
Li [28] also provides applicable results for the hybrid 
fiber-reinforced cylinders of Xu [16], so that Xu 
[16] again classifies this approach as applicable and 
re-publishes it. According to Xu [16], the PP fibers 

(7)
dt =

(

1 − 0.226 ⋅ �sf
)

+
(

−1.0 + 0.238 ⋅ �sf
)

⋅

e−(0.001+0.242⋅e−10⋅�sf)⋅�

(8)dc = 0.942 − e0.5⋅(0.2517⋅�sf+0.3⋅�pf−1)⋅�c

(9)dc = 0.942 − e0.5⋅(0.2517⋅�sf−1)⋅�c

have no significant influence on the tensile damage 
behavior.

Comparison of damage laws with experimental 
results  Figure 9 displays a comparison between all 
the damage laws presented and the experimental dam-
age values for compression and tension in the 4D40 
series. This series was selected as its steel fiber con-
tent of 40 kg/m3 is representative of SFRC in Europe 
[30]. For the compressive damage in Fig. 9a, it can be 
seen that the approaches according to Xu [16] and Li 
[26] do not provide agreement with the experimental 
results, which is reflected by an RMSE of about 0.16 
for both models. The damage increases too steeply at 
low strains and also yields too high damage values 
for large strains. In contrast, the Mark approach dem-
onstrates very good agreement with the experimen-
tal data until a strain of 4 ‰. However, beyond this 
point, the Mark approach [12] displays an increasing 
damage level of 0.96, whereas the experimental data 
remain stagnant at 0.86. The average error RMSE is 
0.087.

The comparison of the tensile damage is shown 
in Fig.  9b). The transfer between crack width and 
strain is done by the well-known approach ε = w/lc, 
(e.g. [1, 47]). The characteristic length lc, refers to the 
measurement length of the LVDT’s of 130 mm (see 
Fig. 3), which is very close to the standard value of 
125  mm in the next generation of Eurocode 2 [1]. 
No valid experimental data are available at the initial 
crack opening (blue dotted line). According to Xu 
[16], Li [28], and Mark [12], the damage increases 
rapidly here. At a crack opening of 0.75  mm, at 
which valid measurement data are available, a large 
deviation is already evident. The damage laws have 
all already reached their respective maximum value, 
while the measurement data still show a clear increase 
in damage. Between crack widths of 1.0 and 4.0 mm, 

Fig. 9   Comparison of dam-
age from series 4D40 with 
damage laws from literature 
for a compression and b 
tension
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damage increases gradually up to approximately 0.90, 
which roughly corresponds to the damage for large 
crack widths according to Xu [16] and Li [28], result-
ing in a relatively small RMSE of 0.064.

In summary, none of the considered damage laws 
for compression and tension provides accurate results 
for typical SFRC. For compressive damage, the 
approach according to Mark [12] (developed for plain 
concrete) shows the best results, but for large strains, 
the damage of the SFRC is overestimated.

4 � Enhanced damage law for SFRC

4.1 � Development and calibration

In this section, a new/modified damage law will be 
derived that is capable of representing the experimen-
tal damage with sufficient accuracy. It is based on the 
approach of Mark [12], which is well suited due to its 
mechanical input values and its easy calibration via 
the control parameters bc and bt. As mentioned in the 
previous section, especially the damage at very large 
strains or crack openings differs between the Mark 
approach and the experiments. While in the Mark 
approach [12] the damage tends to 1.0, the experi-
mental investigations show a decreasing final damage 
level with increasing performance of the SFRC. How-
ever, this performance depends not only on the steel 
fiber content, but also on parameters not varied here, 
such as the fiber type (slenderness, strength, type of 
anchorage) and the concrete mix [48]. In order to cap-
ture the influences of all these parameters, the perfor-
mance in current codes such as the next generation of 
Eurocode 2 or Model Code 2010 [1, 47] is therefore 
described by the mechanical properties achieved, the 
residual post-crack flexural tensile strengths fR1 to fR4 
in the 3-point flexural test according to EN 14651 
[36]. For calculations with “large” crack openings, 
the fR3 value is usually used, which describes the 
absorbable bending stress at a crack mouth opening 
displacement of 2.50 mm.

Mark’s [12] damage laws are modified so that the 
final damage level is correctly reflected as a function 
of the residual flexural tensile strength fR3. To do this, 
the existing damage laws are multiplied by a term 
that includes empirical determined constant values 
in addition to the mechanical material property fR3. 

If fR3 is set to zero for plain concrete, the multiplica-
tive term is 1.0. The approach thus reduces to Mark’s 
basic formula from [12]. For increasing fR3 values, the 
multiplicative factors are less than 1.0, resulting in a 
decreasing final damage level. The control parameters 
bc and bt provided by Mark [12] are used to calibrate 
the curvature of calculated damage. Equations 10 and 
11 show the damage laws found.

Developed compression damage law (modified 
from Mark [12]):

with bc = 0.55.
Developed tension damage law (modified from 

Mark [12]):

with bt = 0.955.
Figure  10 shows the comparison of the experi-

mental compressive and tensile damage with the 
corresponding developed damage law. For the 
compressive damage in Fig.  10a, a very good 
agreement between experiment and model can be 
observed for all concretes tested. Finally, the dif-
ferent final damage levels are now accurately cap-
tured. The good agreement between the experimen-
tal data and the model is reflected in RMSE values 
between 0.030 and 0.037, which is only slightly 
higher than the scatter of the experiments (see 
Fig. 7a, RMSE between 0.012 and 0.030). The ten-
sile damage in Fig. 10b shows smaller deviations in 
the range between 0 and 0.5 mm crack opening. It 
should be noted that no valid experimental data are 
available in this range. There is also good agree-
ment for crack openings above 0.50 mm. Again, the 
RMSE values from 0.034 to 0.044 are very close 
to the experimental scatter (see Fig.  7b, RMSE 
0.026 to 0.040). Thus, the developed damage laws 
for compression and tension have been successfully 
calibrated.

(10)

dc =

(

1 −
�c∕Ec0

�in
c
⋅

(
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)
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)

⋅
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⋅
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4.2 � Parametric study

This section presents the influencing parameters of 
the model and their effect on the calculated dam-
age. The residual flexural strength fR3 is introduced 
into the model as the significant new parameter. Fig-
ure 11a shows the effect of fR3 on the calculated com-
pressive damage and Fig. 11b illustrates the effect on 
the calculated tensile damage. It can be seen that the 
final damage level is significantly affected at large 
strains or crack openings. For fR3 = 0, the curves 
asymptotically approach a limit value of 1.0, as sug-
gested in Mark’s initial model [12]. As fR3 increases, 
the final damage level decreases. For an fR3 value of 

10 N/mm2, the damage curves approach a limit value 
of 0.84 in compression and 0.86 in tension.

Figures  11c, 11d show the influence of the con-
trol parameters bc and bt. The curvature of the dam-
age graph is mainly determined by these parameters. 
Small values of bc and bt result in a rapid increase 
in damage, while larger values result in smoother 
curves. However, regardless of the control param-
eters, the curves tend to have the same final damage 
level for large strains or crack openings.

Fig. 10   Comparison of 
damage from all test series 
with the developed damage 
law developed for a com-
pression and b tension

Fig. 11   Parameter variation 
on developed damage law a 
fR3 in compression, b fR3 in 
tension, c control parameter 
bc in compression, d control 
parameter bt in tension
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4.3 � Application to selected experiments from 
literature

To further verify the suitability of the damage law, 
its results are compared with selected test data 
from the literature. A compression test and a ten-
sile test according to Li [26, 28] were chosen. Nei-
ther the modulus of elasticity nor the residual flex-
ural strength fR3 are given for these tests. These are 
required as input values for the application of the 
damage law, and must therefore calculated using 
fib Model Code 1990 [37] and the empirical model 
according to Oettel et. al [48]. This procedure intro-
duces further model uncertainties into the assess-
ment, but due to the lack of data, there is no alter-
native. We are aware of only one single test where 
the documented results can be used to analyze the 
damage and where the residual flexural strength fR3 
is given. This is test 1.2 by Zhao et  al. [49], con-
ducted as a reference test for uniaxial tensile creep 
tests on SFRC. The modulus of elasticity Ec0 is also 
unknown here and was calculated according to fib 
Model Code 1990 [37]. Table 4 describes the exper-
iments and the input data used for the damage law.

Figure  12 shows a comparison of the experi-
mentally determined damage from the literature 
as orange dots with the curves determined by cal-
culation using the damage law. Figure  12 a shows 
the compression test SFB10 from [26]. The blue 
curve matches the experimental damage qualita-
tively, but is too low in total. The final damage level 
from the SFB10 test of approximately dt = 0.91 

is underestimated. The deviation is reflected in an 
higher RMSE value of 0.123.

In [28], Li does not give a crack opening w for 
the HM10 tensile test, but rather tensile strains. The 
conversion of the LVDT’s readings to strains is not 
clearly described, so the tensile stress is also plotted 
against the tensile strains in Fig. 12b. With the con-
trol parameter bt = 0.955 calibrated using our own 
experiments, the calculated damage progression is 
flatter than stated by Li [28]. However, an adjust-
ment of the control parameter to bt = 0.85 shows 
very good agreement between the model and the 
experiment both in the initial range and at the final 
damage level, resulting in a RMSE of 0.047. The 
comparison in Fig. 12 c shows a similar result. With 
a control parameter bt = 0.955 the damage curve is 
flatter than in test 1.2 of Zhao et al. [49]. However, 
by adjusting the control parameter to bt = 0.65, very 
good agreement can be achieved (RMSE = 0.049). 
The final damage level is well predicted by the 
model.

5 � Discussion

For our own tests, with three series each of com-
pression and tensile tests and a total of 47 speci-
mens, there is very good agreement between the 
damage determined experimentally and by calcu-
lation. This is reflected in RMSE values between 
0.030 and 0.044, which is only slightly higher than 
the experimental RMSE between 0.012 and 0.040. 
The different final damage levels of the test series 

Table 4   Selected damage test from literature for further model validation

* Value not given in the reference, calculated according to Model Code 1990 [37] with formula: Ec0 = 2.15·10,000·(fcm/10)1/3

** Value not given in the reference, calculated according to empirical model by Oettel et. al[48]

Fibers Mechanical properties

Test from literature Load/ specimen Vf
(kg/m3)

Type Length lf
(mm)

Aspect ratio 
lf/df
(–)

fcm
(N/mm2)

Ec0
(N/mm2)

fR3
(N/mm2)

SFB10 [26] Compression/
cylinder

80 Corrugated 40 60 37.80 33,479* 6.0**

HM10 [28] Tension/
cylinder

80 hooked 30 60 51.92 37,248* 7.8**

Test 1.2 [49] Tension/
notched cylinder

80 hooked 60 65 45 35,496* 6.59
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are well covered. For each of the control param-
eters bc and bt, a constant value was found which 
predicts the damage curve well. Only the steel fiber 
content was varied in the experiments, the concrete 
mix design and steel fiber type remained constant. 
To check the sensitivity and flexibility of the dam-
age law, the essential parameter fR3 and the con-
trol parameters bc and bt were varied. The control 
parameter in particular allows the curvature of the 
curve to be flexibly adjusted. Verification of the 
damage law using test results from the literature 
proved difficult, particularly as the residual flexural 
strength fR3 and modulus of elasticity Ec0 are usu-
ally not documented. As a workaround, these values 
were calculated using prediction formulae, which 
introduces further uncertainty into the comparison.

The need to adjust this final damage level to values 
less than 1.0 is generally confirmed. The predicted 
final damage level of the two tensile tests matches 
the experimental values well, while it is underesti-
mated in the chosen compression test. By adjusting 
the control parameters bt, the curves of the two ten-
sile damage tests can be reproduced very well with 
RMSE less than 0.05. In addition to inaccuracies in 
the model, the deviations may also be due to a dif-
ferent type of steel fiber (e.g. corrugated), the predic-
tion of fR3 and Ec0, deviations in the test set-up and 

evaluation, and experimental scatter. In particular, the 
influences of altered concrete mix designs and steel 
fiber types should be investigated more in detail in the 
future.

6 � Conclusion

Investigations of the damage behavior of plain con-
crete, SFRC, UHPC and UHSFRC have been the 
subject of research for many years. This  is of great 
importance for understanding the material behavior, 
calculating its stiffness and accurately modeling the 
material properties, e.g. in nonlinear FEM analyses. 
The present paper presents experiments on typical 
steel fiber concretes (C30/37, fiber contents about 
40  kg/m3) with modern, end-anchored macro steel 
fibers, which are becoming increasingly important 
in Europe. Our experiments focused on compression 
cylinders and tensile bone specimens to investigate 
the damage behavior of these concretes. We draw the 
following conclusions:

1.	 The damage behavior in compression and tension 
depends on the performance of the steel fiber 
concrete. Increasing performance leads to slower 

Fig. 12   Comparison of 
selected damage tests 
from literature with the 
developed damage law for 
a compression and b, c 
tension
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damage development and less damage when 
experiencing very large strains or crack openings.

2.	 Existing damage laws are insufficient to accu-
rately describe the experimentally determined 
damage behavior of SFRC. One possible reason 
for this weakness is that damage laws from litera-
ture were developed on the basis of experiments 
on plain concrete, hybrid fiber concrete, and steel 
fiber concrete with very high fiber contents (80 to 
160 kg/m2) rather than common SFRC (C30/37, 
fiber contents about 40 kg/m3) which were used 
in the new experimental studies.

3.	 We developed a enhanced damage law, based on 
Mark’s damage law [12, 32], to accurately repre-
sent the damage resulting from the experiments. 
We introduced a multiplier to reduce the final 
damage level depending on the performance of 
the steel fiber concrete (described by the residual 
flexural strength according to Model Code 2010 
and EN 14651 [36, 47]). In addition, we cali-
brated the control parameters of Mark bc and bt 
for our SFRC (C30/37 with Dramix 4D 35/65 
steel fibers in 20, 40, and 80 kg/m3).

4.	 Application of the damage law to test data from 
the Literature confirms the basic capability of the 
model. However, the necessary input data for the 
damage law is often lacking. The control param-
eters bc and bt allow to adapt the predicted dam-
age progression to the results of damage tests on 
other SFRCs from the literature.

The database of the damage tests should be 
expanded in order to quantify the influence of factors 
such as steel fiber type or concrete strength on the 
damage progression. Based on this, a generally appli-
cable approach for determining the control param-
eters bc and bt could be developed. Future studies 
should focus on optimizing the experimental setup of 
the direct tensile tests for very small crack openings. 
In addition, analyses of the stress-crack-opening rela-
tionships in conjunction with the existing fiber orien-
tations, which were not included in this paper, are of 
further interest.
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