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Abstract The fatigue life of prestressed concrete
beams, subjected to cyclic bending, mainly depends
on the fatigue behaviour of the embedded prestressing
strands. An evaluation of international fatigue test
results revealed a reduced fatigue life of embedded
strands in prestressed concrete beams compared to
single strands in air. The reduced fatigue life can be
explained by specific influences and fatigue processes
caused by the built-in conditions of strands. Due to the
lack of basic understanding, systematic investigations
are currently carried out to identify, quantify and
describe different influencing parameters and fatigue
processes as well as to better understand and deter-
mine the fatigue behaviour of strands in pre-tensioned
concrete beams. In this article, the experimental
investigations regarding the fatigue life of strands
embedded in concrete are presented. Within cyclic
uniaxial tensile tests on strands in air and strands
embedded in concrete, the influence of fretting fatigue
processes and friction stresses between the outer wires
of strands and the surrounding concrete was
determined.
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1 Introduction

Precast prestressed concrete beams, which are used as
bridge girders (Fig. 1), are subjected to cyclic loads
caused by high and heavy traffic. Consequently, the
fatigue resistance of such beams is of major impor-
tance within the design and the life-cycle assessment
of such bridges.

The fatigue behaviour of prestressed concrete
beams, subjected to cyclic bending loads, depends
primarily on the fatigue of the embedded prestressing
strands. In current code provisions, e.g. in EC2 [1] and
MC2010 [2], the fatigue life of strands is described by
S-N curves only based on the relationship between
stress range in the strands and number of load cycles
until failure. However, the fatigue life of strands is
affected by specific influences and fatigue processes
due to built-in conditions of strands in prestressed
concrete beams [3]. While many research works
focused on influences within post-tensioned concrete
beams, e.g. fretting corrosion effects due to friction
between strands and duct, fatigue phenomena in pre-
tensioned concrete beams have not been studied in
detail so far.
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Fig. 1 Exemplary precast prestressed concrete bridge girders

In order to evaluate the fatigue life of pre-tensioned
concrete structures, international fatigue test results of
pre-tensioned concrete beams and single strands were
summarised in a database at iBMB, Division of
Concrete Construction of the TU Braunschweig
(iBMB database). The evaluation of test results
revealed a significant difference between fatigue tests
with embedded strands in concrete beams and cyclic
tensile tests with single strands in air. Besides, a large
part of the test results of prestressed concrete beams -
especially with small stress ranges in strands and high
numbers of load cycles - indicates a lower fatigue life
compared to the S—N curves according to EC2 [1] and
MC2010 [2]. Due to the lack of basic understanding on
the fatigue life of prestressing strands, systematic
investigations are carried out to identify, quantify and
describe different influencing parameters and fatigue
processes. In this article, the experimental investiga-
tions and results regarding the influence of concrete
embedment of strands are presented.

2 Fatigue of prestressing strands
2.1 Fatigue database

The fatigue life of strands was investigated in numer-
ous fatigue tests on single strands tested in air (e.g. [4])
as well as on prestressed concrete beams ([5-19]),
which are gathered in the iBMB database. The fatigue
test results in the database are evaluated in Fig. 2 in
comparison to the normative S—N curve according to
EC2/MC2010 ([1, 2]). Here, the fatigue failure is
defined as the first indication of damage, which is
usually the first wire break of a strand. It can be noticed
that the normative S-N curve (for strands in pre-
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Fig. 2 Fatigue test results of prestressed concrete beams and
single strands in air in comparison to the S—N curve according to
EC2/MC2010 (double-logarithmic scale)

tensioned concrete structures) safely includes the
fatigue test results of the single strands tested in air
(from [4]) and can be considered as a lower bound
approach for such tests.

In contrast, the normative S—-N curve does not
reflect the experimental fatigue life of strands in pre-
tensioned concrete beams. Even though a similar
fatigue life of single strands and embedded strands in
beams at stress ranges greater than 200 N/mm? can be
noticed, at stress ranges less than 200 N/mm? the
fatigue life of strands in beams is, in many cases,
significantly lower than the fatigue life of single
strands and thus lower than the fatigue life according
to the normative S—N curve. The reduced fatigue life
of embedded strands was confirmed by an own fatigue
test on a pre-tensioned concrete beam (Fig. 3, cf. [5])
and can be explained by basic influences and fatigue
processes (cf. Sect. 2.2) as well as specific influences
caused by the built-in conditions of strands (cf.
Sect. 2.3).
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Fig. 3 Fatigue test of a prestressed concrete beam at iBMB
(after failure)

2.2 Basic influences and fatigue processes

The fatigue behaviour of strands depends on many
influencing parameters, which can lead to accelerated
fatigue processes. The main influences on the fatigue
behaviour of strands (in concrete) are summarized in
Fig. 4.

Basically, the fatigue behaviour of prestressing
steel depends on production (e.g. drawing process) and
material parameters (e.g. composition of steel) as well
as type (e.g. strands, wires or bars) and geometry (e.g.
diameter). These parameters can be summarised as
inherent influences, which define the basic fatigue
behaviour of strands. Previous own fatigue tests
(iBMB/MPA-BS) are depicted in Fig. 5 in comparison
to the available datasets in the iBMB database. A
reduction of the fatigue life of prestressing strands in
comparison to prestressing wires is evident, which
signifies the effects of inner friction processes caused
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Fig. 5 Comparison of fatigue test results of single strands and
wires tested in air (double-logarithmic scale)

by the contact pressure between the twisted outer
wires of strands (Fig. 5).

Furthermore, a comparison between the fatigue
behaviour of strands in prestressed concrete beams and
strands in air shows the effects of fretting fatigue
processes and friction stresses between the outer wires
of strands and the surrounding concrete. Fretting
fatigue results from rubbing actions due to repeated
relative motion between strands and concrete in the
vicinity of concrete cracks. In this area, the outer wires
of the strands are able to untwist so that a lateral
pressure on the wires is generated (Fig. 6). Here, the
concrete strength as well as fine/coarse aggregate
types are possible parameters affecting the fatigue
strength of the embedded strands. In prestressed
concrete beams subjected to cyclic bending loads,
this lateral pressure between steel and concrete
adjacent to cracks is additionally increased by the
deflection of beams.

Production and Material

Type and Geometry

Concrete embedment

- Chemical composition

- Drawing and Stranding
- Surface finish

- Manufacturer and Melt
- Storage (coll ...)

- Residual stresses

- Grade/Strength

etc.

- Type (strand, wire, bar)
- Diameter

- Number of wires

- Pitch length

- Curvature (from coil)
etc.

- Strength

- Coarse aggregate
(round/angular)

- Fine aggregates
(e.g. micosilica, fly ash)

- Water content

- Consistency

etc.

Fig. 4 Basic influences on the fatigue behaviour of strands
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Fig. 6 Friction processes at strands in concrete [3]

Investigation of the effect of these influences on the
fatigue behaviour of embedded strands is of great
interest for the prediction of the fatigue life, especially
with regard to the evaluation in Sect. 2.1. To examine
and quantify the influence of concrete embedment on
the fatigue life of strands, systematic tensile fatigue
tests on strands with and without concrete embedment
were conducted, which are presented and discussed in
the following.

Load-dependent influences, including e.g. varying
stress ranges during the fatigue life, are not considered
within this article.

2.3 Specific influences due to built-in conditions
of strands

Based on previous investigations on the fatigue
behaviour of prestressed concrete beams (and of
prestressing strands tested in air), the following main
conclusions are drawn regarding different influences
on the fatigue of strands [3]:

e The fatigue life of strands in prestressed concrete
beams depends on the ratio between reinforcement
steel and prestressing steel (e.g. [14]). Even with a
slight increase of the reinforcement, a significant
increase in fatigue life could be observed in fatigue
tests on pre-tensioned concrete beams. This is due
to the improved bond properties of reinforcement
steel, which limit crack widths and deformations.
Additionally, prestressing steel stresses and stress
ranges are reduced.

e Concrete cracks and the progressive damage of the
bond between strands and concrete adjacent to
cracks resulting from cyclic loading influence the
fatigue behaviour of strands (e.g. [8, 11]). The

- Friction between

= strand/wires and concrete

Friction between
outer wires

fatigue life of embedded strands can be reduced
due to increased steel stresses (and stress ranges) in
the vicinity of concrete cracks as well as bending
stresses in the strands due to the increasing beam
deflections [21].

o After fatigue tests on pre-tensioned concrete beams
in [5, 22], corrosion products were found on the
surface of prestressing strands. Two mechanisms
need to be distinguished here. In some cases, planar
corrosion products were observed on the strand
surface in the vicinity of concrete cracks which
might be caused by an electro-chemical process. In
other cases, the corrosion occurred in a very small
zone (see Fig. 13 left), indicating a presence of
fretting actions in the contact zone between strands
and concrete, which is also known as fretting
corrosion resulting in fretting fatigue (analogously
to post-tensioned concrete beams, cf. [23, 24]). As
a result of these fretting actions and corrosion
products, in some tests, the fatigue life was
considerably reduced compared to tests on single
strands with equal stress ranges [11].

3 Experimental investigations
3.1 Experimental programme

The experimental investigations described in this
paper focus on the different fatigue life of strands in
air and strands embedded in concrete as well as the
influence of different aggregate shape (round and
angular). It was supposed that angular aggregate (grit)
results in higher friction between strands and concrete
in comparison to round aggregate (gravel). These
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Table 1 Configuration of strands in air

Strand no. Aoy, [N/mm?] Ne [109] Failure type
DSV-800 800 0.043 Ila
DSV-600 600 0.050 Ila
DSV-500 500 0.099 1
DSV-400 400 0.182 Ila
DSV-350-1 350 0.171 Ila
DSV-350-2 350 0.297 Ila
DSV-325 325 0.364 1lla
DSV-300-1 300 10.000 NF
DSV-300-2 300 50.000 NF
DSV-250 250 10.000 NF

Aay,: Stress range in the prestressing strand; Ny: Number of load
cycles until failure or test stop

Failure types: I, Ila and Illa according to Sect. 5.1; NF: No
failure

experimental investigations aim to gain basic knowl-
edge about the influence of concrete embedment and
mixture on the fatigue behaviour of embedded strands,

Table 2 Configuration of strands embedded in concrete

which can subsequently be transferred to the fatigue
behaviour of pre-tensioned concrete beams.

3.2 Specimens and test setup

Initially, cyclic uniaxial tensile tests on strands in air
were conducted with different stress ranges as a
reference (test series “DSV”, Table 1). In comparison
to these tests, 14 modified cyclic tensile tests on
strands embedded in concrete were performed (test
series “mDSV-B”, Table 2). Within the tests, the
stress range in the strands as well as the aggregate of
concrete (round and angular) were varied.

The dimensions of specimens and the test setup are
shown in Fig. 7. The total length of the strands was
chosen to 950 mm, resulting in a free length of three
times the pitch length (based on a grip length of
180 mm at both ends). The strands were embedded in
a cylindrical concrete body on a length of 300 mm
with a diameter of 50 mm. Details of the strands and
the concrete are described in Sect. 4.

The strands were installed in a hydraulic pulsator
testing machine and were initially stressed to the

Strand no. Aggregate Jemeyl7d Ecmza Jetmsp.7d Jem.ey1,284 Vil N Failure type
[N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [10°]
mDSV-B-500-1 Gravel 52.9 36,000 3.1 63.4 500 0.082 Ila
mDSV-B-400-1 Gravel 514 40,100 35 64.9 400 0.150 Ila
mDSV-B-400-2  Grit 49.2 37,000 3.9 58.4 400 0.171 Ila
mDSV-B-300-1 Gravel 57.3 36,500 3.6 68.1 300 0.534 \Y
mDSV-B-300-2  Grit 49.0 36,400 3.6 59.5 300 0.256 I
mDSV-B-250-1 Gravel 52.9 36,000 3.1 63.4 250 0.947 \Y%
mDSV-B-250-2  Grit 39.1 33,400 3.2 49.2 250 1.400 IIb
mDSV-B-200-1 Gravel 57.1 36,000 3.3 67.7 200 1.452 IIb
mDSV-B-200-2  Grit 55.0 36,600 3.7 63.6 200 2.536 Ib
mDSV-B-175-1 Gravel 514 40,100 35 64.9 175 4.466 IIb
mDSV-B-175-2  Grit 35.3 35,700 2.6 54.2 175 5.184 IIb
mDSV-B-150-1 Gravel 67.6 38,900 - 69.5 150 4.250 IIb
mDSV-B-150-2  Grit 46.2 36,700 3.2 55.7 150 25.000 NF
mDSV-B-100-1 Gravel 67.6 38,900 - 69.5 100 100.000  NF

femeyi: Average concrete compressive strength at a concrete age of 7 days (fomcyi7a) and 28 days (fomcyiosa); Eem7a: Average
concrete modulus of elasticity at a concrete age of 7 days; fem,sp,7a: Average concrete tensile splitting strength at a concrete age of
7 days; Aay,: Stress range in the strand; Nz Number of load cycles until failure or test stop

Failure types: I, Ila, IIb, IIIb and V according to Sect. 5.1; NF: No failure
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Fig. 7 Test setup of cyclic tensile tests on strands in air (left) and modified cyclic tensile tests on strands embedded in concrete (right)

minimum cyclic stress level, based on the predefined
stress range and an upper cyclic stress level of 70% of
the ultimate tensile strength of the strands. Afterwards
the concrete was cast in a cylindrical form around the
strand. The cyclic loading was started with a fre-
quency of 7 Hz (420 cycles/min) seven days after
concrete casting. The cylindrical form around the
concrete was not removed during the test to maintain
transverse pressure on concrete for comparable stress
conditions as in prestressed concrete structures. The
tests were stopped automatically at the time of first
wire break. Only two tests (mDSV-B-150-2 and
mDSV-B-100-1) were stopped without failure after
25 million (about 41 days) and 100 million cycles
(about 165 days) respectively.

4 Materials
4.1 Prestressing strands

In all tests, a seven-wire strand of the grade
St1660/1860 with a diameter of 12.5 mm (0.5) from
the same production batch was used. The geometrical
and mechanical properties, determined on six strands
according to [25], are summarised in Table 3. The
experimental stress—strain relationship is shown in
Fig. 8.

4.2 Concrete

The concrete body was made of normal strength
concrete C50/60, which on the one hand is often used
in precast prestressed concrete girders and on the other
hand, corresponds to currently conducted fatigue tests
on pre-tensioned concrete beams at iBMB. The coarse
aggregate of concrete was varied between gravel
(2/8 mm) and basalt grit (2/5 mm) (Fig. 9). The
corresponding concrete mixtures are listed in Tables 4
and 5. For each test, 12 concrete cylinders with a
height to diameter ratio of A/d = 300/150 mm were
prepared to determine the compressive strength,
modulus of elasticity and tensile splitting strength at
a concrete age of 7 days (beginning of the cyclic
loading) as well as the compressive strength at
28 days. Note that some fatigue tests were conducted
simultaneously so that the mechanical properties are
the same. The results are summarised in Table 2.

5 Results
5.1 Failure mode

After the tests the concrete was removed and the origin
of wire breaks was localised by digital microscope
images of the fractured wire surfaces (see appendix).
The types (and origins) of wire breaks in the tests are
included in Tables 1 and 2, generally differentiated in:
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Table 3 Properties of strands

@, [mm] A, [mm?] 1, [mm] £, IN/mm?]

fro1 [N/mm?] fr02 [N/mm?] E, [N/mm?]

12.5 94.1 193 1882

1660 1708 190,000

@p: Nominal diameter of strand; A,: Average cross sectional area; [,: Average pitch length; f,: Average ultimate tensile strength;
fpo.1: Average 0.1% proof stress; f,,0.: Average 0.2% proof stress; E,: Average modulus of elasticity
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Fig. 8 Stress-strain relationship of strands

e Type I: Fracture of an outer wire initiated in the
outer surface of the wire (in the free length outside
the concrete)

e Type II: Fracture of an outer wire initiated in the
contact zone to an adjacent outer wire

e Type III: Fracture of an outer wire initiated in the
contact zone to the centre wire

e Type IV: Fracture of the centre wire (initiated in
the contact zone to an adjacent outer wire)

e Type V: Fracture of an outer wire initiated in the
contact zone to the surrounding concrete

The different types of failure are visualized in
Fig. 10. Type I describes a failure without contact to
another wire or concrete and may be considered as a
true material fatigue failure. The types II to IV
describe fatigue failures due to fretting caused by
rubbing actions due to repeated relative motion
between two adjacent wires. Within these types a
distinction was made between fractures located in the
free length of the strand (a) or in the area of concrete
(b), corresponding to type Ila/Ilb, Ila/IlIb and IVa/
IVb. Type V is a specific fatigue failure of strands
embedded in concrete caused by friction stresses and
fretting actions between strand and concrete resulted
from repeating reopening of concrete cracks during

Fig. 9 Different coarse aggregate: Gravel (left) and basalt grit
(right)

Table 4 Concrete mix C50/60 (gravel)

Component Amount [kg/m3]
Sand 0/2 mm 840
Gravel 2/8 mm 890
Cement CEM I 52.5 R 460
Water 175
PCE plasticizers 32

fatigue loading in combination with the restricted
twisting ability in the vicinity of the concrete cracks.

Within the tests no failure was caused due to
clamping. All failures outside the concrete occurred at
a distance from the clamping (and from the steel pipe,
c.f. Fig. 7) of at least twice the strand diameter.

The types IT and V are the most common failures of
embedded strands. Specimens subjected to high stress
ranges (approximately > 300 N/mm?) usually failed
due to fracture of an outer wire in the contact zone to
an adjacent outer wire in the free length outside the
concrete (type I1a). In contrast, specimens subjected to
lower stress ranges (approximately < 300 N/mm?)
often failed due to failure of an outer wire in the
contact zone to the surrounding concrete (type V) or
failure of an outer wire in the contact zone to an
adjacent outer wire in the area of concrete (type IIb).
The latter is caused by increased friction between two
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Table 5 Concrete mix C50/60 (grit)

Component Amount [kg/m3]
Sand 0/2 mm 810

Grit 2/5 mm 1100

Cement CEM I 52.5 R 380

Water 185

PCE plasticizers 4.6

(outer) wires due to intruded fines of concrete. A
relationship between failure mode and aggregate type
could not be determined.

Based on the distribution of concrete cracks and the
location of wire breaks in the concrete body, illus-
trated in Fig. 11, itis visible that nearly all wire breaks
in the concrete body occurred near concrete cracks.

5.2 Failure process

Moreover, the fractured wire surface of all strands was
analysed with regard to a relationship between char-
acteristics of wire surface and failure mode indicating
damage mechanisms and failure processes. A typical
fractured wire surface caused by fatigue loading is
characterized by

e the initiation surface as the origin of the wire break,

e the fatigue fracture surface indicating crack prop-
agation and

e the brittle fracture surface (Fig. 12 left).

Initially, the fatigue fracture area was evaluated in
relation to the total cross-sectional area of the
fractured wires (Fig. 12 right), showing an average

fatigue fracture area of about 22.5%. However, the
fatigue fracture area is neither correlated to the stress
range (or fatigue life) nor to the fatigue failure type.

The value of 22.5% depends rather on the upper
cyclic stress level of 70% of the ultimate ten-
sile strength of the strands (corresponds to
0.7-1882 N/mm* = 1317 N/mm?). Due to the pro-
gressive fatigue fracture, the effective cross-sectional
area of the strand gradually decreases. As a result, the
steel stress increases with a factor of 1/(1 — 0.225) =
129 to a value of 129 x 1317 N/mm®
= 1699 N/mm?® which corresponds approximately to
the yield strength of the strands, resulting in a brittle
fracture of the wire. This implies that the upper cyclic
stress level might influence the fatigue fracture area.

Nevertheless, the origins of fractured wire surfaces
of the failure types V and IIb are attributed to different
damage mechanisms (Fig. 13). The origin of failure
type V is characterized by fretting corrosion products
in a small area located at a concrete crack. In contrast,
the failure type IIb occurs parallel to the friction
surface between the outer wires, where only few
corrosion products can be detected. Here, reduced
fatigue life is a result of higher friction stresses due to
the fines of concrete between the wires.

5.3 Fatigue life

The fatigue test results of strands in air and strands
embedded in concrete are evaluated in an S-N
diagram (Fig. 14). The results show that (similar to
previous test results in Fig. 5) the fatigue life of
strands in air and embedded in concrete is similar at

Type |

Type ll Type lll

Fig. 10 Schematic description of different types of failure

Type IV Type V



Materials and Structures (2020) 53:53

Page 9 of 15 53

mDSV-B-250-1

mDSV-B-500-1 mDSV-B-400-1 mDSV-B-400-2
|

A P

— I P
I "
S~ o

mDSV-B-300-1

mDSV-B-300-2

mDSV-B-250-2

mDSV-B-200-2

/!\N/_—/—E//_;'\_\-

|

w/_—i-'h(\-i\

;..

{L

Fig. 11 Distribution of concrete cracks (over the circumference of the concrete body) and location of wire breaks

100
0 - - — 0 = Brittle fracture area | |
_ 8 | mm Fatigue fracture area
X —Mean value
et 70 —————————————
> 60 | — — — — —
B 50 7777777777777
c
S 40 |1 1
g_’ 30 H228% — — — — — — 1 —
20
10
0
N D DD D NN
bQQ @0 D‘QQ 090 %QQ ({90 ‘1(96 (190 f],QQ <\°3 ’(\‘o \@Q
Fatigue fracture surface YW YWYV WYY YWR W WY
Brittle fracture surface ()"9A o‘bA ()"9A 003A 003A 0%4 ()"oA <)‘?’A o‘bA o‘bA o‘bA QGJA
NSRS EENEENEENEE SEENEECEENER

Fig. 12 Characteristic fracture surface of wires caused by fatigue (left) and evaluation of fractured wire surfaces of test specimens

(right)

stress ranges above 300 N/mm?. Here, the surround-
ing concrete does not lead to a reduction in fatigue life
of strands, meaning that the basic fatigue behaviour of
strands dominates the fatigue life. This is confirmed by
the failure in the free length of the strand outside the
concrete (see failure modes in Sect. 5.1). At stress

ranges of about 300 N/mm? and less, no fatigue failure
of strands in air was observed, indicating an endurance
limit of the strands. In contrast, the strands embedded
in concrete also failed at stress ranges substantially less
than 300 N/mm?. Only at a stress range of 100 N/mm?, no
failure occurred within 10® load cycles (test specimen
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Fig. 13 Exemplary fatigue fracture surfaces of wires failed by type V (left: mDSV-B-300-1; middle left: mDSV-B-250-1) and by type

IIb (middle right: mDSV-B-175-1; right: mDSV-B-175-2)
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Fig. 14 Fatigue test results of strands in air and strands
embedded in concrete: Derived log-bilinear S—N average curves
(top) and derived log-bilinear S-N envelope curve (bottom)
(double-logarithmic scale)

mDSV-B-100-1) but no actual endurance limit of
embedded strands is observed. The reduced fatigue
life of embedded strands at small stress ranges points
out that the fatigue of strands in the low stress range,

long life region is strongly influenced by increased
friction stresses and fretting actions in concrete.

As a result, the following (log-bilinear) S-N
envelope curve was derived, divided into the high
stress range, short life region (Eq. (1)) and the low
stress range, long life region (Eq. (2)):

logN = 12.8 — 3.0 -log Ac for 10* <N <10° (1)

logN =26.4 —9.0-log Ag for 10° <N <10®  (2)

Based on the terminology according to EC2 [1] and
MC2010 [2], this corresponds to values of k; = 3.0,
ky = 9.0 and Ao (N = 10°) = 185 N/mm?>. It should be
noted that although this S—N curve reflects a lower
bound approach for the fatigue of single strands in
concrete, it does not cover the results on pre-tensioned
concrete beams (see Sect. 5.4). The tests provide an
assessment of the influence of the concrete embed-
ment on the fatigue of single strands.

The original assumption that the angular aggregate
has an unfavourable effect on the fatigue life of
embedded strands (caused by higher friction) could
not be confirmed. On the contrary, the tests indicated a
lower fatigue strength of strands embedded in concrete
with round aggregate. Possible reasons are the slightly
higher concrete strength (Table 2) or the higher
content of fines (cement etc.) of the concrete with
round aggregate (Tables 4 and 5).
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5.4 Evaluation and discussion

In previous research as well as in current design codes,
it was assumed that the fatigue life of strands in pre-
tensioned concrete beams is comparable to that of
single strands tested in air. Based on the presented
investigations and results, this assumption could only
be confirmed in the high stress range, short life region.

It is shown that the fatigue life of single strands with
and without concrete embedment as well as of strands
in concrete beams is similar at high stress ranges in the
strands (Fig. 15). This high stress range, short life
region shows a normal scatter of test results, so that the
fatigue life of strands can be estimated very well. In
contrast, at small stress ranges in the strands, which
usually occur in prestressed concrete beams e.g. in
bridges, the fatigue life of strands embedded in
concrete is significantly reduced compared to strands
in air. In this stress region, increased friction stresses
and fretting actions in concrete become more decisive
for the fatigue life. Similar results with regard to the
reduction of fatigue life depending on the applied
stress range are known from tests with strands in air
and strands in post-tensioned concrete beams (c.f. [3],
[20D).

The selected test setup and testing procedure are
generally applicable to indicate the influence of
concrete embedment on the fatigue life of strands.
However, the performed fatigue tests may be consid-
ered as a starting point to quantify and model the

1000

100 >
80
60
40 —EC2+NA/MC2010

+ Tests on single strands (Paulson et al., 1983 [4])

* Tests on single strands embedded in concrete

Tests on prestressed concrete beams

104 10° 108 107 108
Number of load cycles N [-]

Stress range Ao, [N/mm?]

20

Fig. 15 Fatigue test results of strands in air, strands embedded
in concrete and prestressed concrete beams (double-logarithmic
scale)

fatigue behaviour of embedded strands under consid-
eration of different influences within further research.
Considerable variation of fatigue resistance might be
expected as a result of different inherent influences
(according to Sect. 2.2).

Moreover, as shown in Fig. 15, the fatigue life of
strands in concrete beams subjected to cyclic bending
is further decreased compared to uniaxially loaded
single strands embedded in concrete. Thus, further
structural influences (according to Sect. 2.3), such as
lateral pressure between steel and concrete and
bending effects adjacent to cracks caused by deflection
of beams, as well as design aspects such as the
prestressing/reinforcement ratio have to be investi-
gated within additional fatigue tests on modified cyclic
tensile tests (e.g. on deflected strands in concrete) and
on pre-tensioned concrete beams.

It is worth noting that only with test results
containing both inherent and structural influence
parameters, a reasonable fatigue design approach for
the practical design and construction of pre-tensioned
concrete beams can be derived. On this basis, an
enhanced prediction accuracy of the fatigue life of pre-
tensioned concrete beams and embedded strands is
possible.

6 Conclusions and outlook

In this study, the fatigue life of prestressing strands
embedded in concrete was investigated. Within cyclic
tensile tests on strands in air (as a reference) and
strands embedded in concrete, the influence of fretting
fatigue processes and friction stresses between the
outer wires of strands and the surrounding concrete
was determined.

Based on the test results and discussion provided,
the following conclusions can be drawn:

e The fatigue life of strands in air and strands
embedded in concrete is similar at high stress
ranges above 300 N/mmz, meaning that the basic
fatigue behaviour of strands dominates the fatigue
life.

In contrast, no fatigue failure of strands in air was
observed at stress ranges of about 300 N/mm? and
less, while embedded strands failed also at stress
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ranges substantially less than 300 N/mm?”. Obvi-
ously, the influence of specific fatigue processes
and damage mechanisms caused by the surround-
ing concrete, such as friction stresses and fretting
actions, increases at lower stress ranges.

e Based on the test results, a log-bilinear S-N
envelope curve was derived, describing a lower
bound relationship between stress range and
fatigue life of single strands embedded in concrete.

e The fatigue life of strands seems to be unaffected
by the coarse aggregate of the surrounding con-
crete. But, the concrete strength and/or the content
of fines in concrete might have an influence.

e Microscopic investigations of the fractured wire
surfaces were used to determine the origin and type
of fatigue failures. While specimens subjected to
high stress ranges usually failed due to fracture of
an outer wire in the contact zone to an adjacent
outer wire in the free length outside the concrete,
specimens subjected to small stress ranges usually
failed due to failure of an outer wire in the contact
zone to the surrounding concrete or to an adjacent
outer wire in the area of concrete.

Overall, this research indicates that the fatigue of
strands is significantly influenced by specific fatigue
processes resulting from the concrete embedment. In
this study, only normal strength concrete with differ-
ent coarse aggregate shapes was considered. In further
research, the fatigue behaviour of embedded strands
needs to be investigated with regard to latest devel-
opments in concrete technology considering mixtures
e.g. with high content of fines and higher concrete
strength values.

Beside the influence of concrete embedment,
further structural influences, such as lateral pressure
between steel and concrete and bending effects
adjacent to cracks caused by deflection of beams, as
well as design aspects such as the prestressing/
reinforcement ratio are currently investigated within
additional fatigue tests on modified cyclic tensile tests
and on pre-tensioned concrete beams at iBMB,
Division of Concrete Construction of TU
Braunschweig.

The aim of these investigations is to derive a
reasonable fatigue model for the practical design and

construction of pre-tensioned concrete beams, which
will allow an enhanced prediction accuracy of the
fatigue life of pre-tensioned concrete beams and
embedded strands.
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Appendix

See Figs. 16, 17, 18, 19, 20, 21, 22.

Fig. 16 Fractured wire surface of specimen mDSV-B-500-1
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Fig. 20 Fractured wire surface of specimens mDSV-B-200-1 (left) and mDSV-B-200-2 (right)
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Fig. 21 Fractured wire surface of specimens mDSV-B-175-1 (left) and mDSV-B-175-2 (right)

1003

Fig. 22 Fractured wire surface of specimen mDSV-B-150-1
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