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The fatigue performance of reinforced concrete slabs was investigated under clearly defined bending conditions
with large scale tests. Two series of four tests exhibiting orthogonal reinforcement layouts at different or-
ientations were subjected to constant force-amplitude cyclic loading. The reinforcement direction in the re-
ference series of tests coincided with the direction of principal moment. In the second series of tests, a deviation
of 45° between the principal moment and reinforcement direction was introduced. The effect of inclined re-
inforcing bars with respect to the principal moment direction on the fatigue strength of structural concrete slabs

is described. Direct measurement of reinforcing steel strains enabled a characterisation of the redistribution of
internal forces within the cross-section after failure of individual bars until global failure of the slab.

1. Introduction

The load-carrying capacity of the composite material reinforced
concrete lies in the ability of the concrete to resist (primarily) com-
pressive forces and of the reinforcement to resist tensile forces after
cracking of the concrete. Research on reinforced concrete under the
influence of fluctuating loads, however, indicates that the integrity of
both materials as well as their interaction through bond [1] deteriorates
under repeated loading. The CEB state of the art report [2] provides an
insightful overview of previous work on this phenomenon of fatigue of
structural concrete.

Concrete members subjected predominantly to cyclic flexural
loading typically exhibit increases in the width of existing cracks
through a progressive deterioration of bond; disproportionally large
deflections result and failure ensues through rupture of individual re-
inforcing bars or spalling of the concrete in the flexural compressive
zone [3]. This failure mode has been observed in numerous experi-
mental investigations [4-6]. Fehlmann and Vogel [7] investigated the
fatigue performance of a typical frame type bridge in a large-scale test
with the prescribed fatigue load model according to the current Swiss
standard [8]. Virtually no changes in the load-carrying response, apart
from the formation of some new cracks, was observed during ap-
proximately 90% of the fatigue life. Fatigue damage to the structure
remained mostly undetected by conventional methods until shortly
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before failure. Furthermore, some investigations have shown that
concrete members subjected to cyclic loading can exhibit different
failure modes to those predicted under static loading. Chang and Kesler
[9] conducted a large number of tests on beams in which specimens
failed in flexure under static loading and due to fatigue shear modes
under cyclic loading. It is currently neither possible to establish the
present state of damage in a structural concrete member, nor to predict
the remaining fatigue life for future loads [7].

The deck slabs of concrete bridges have been identified to be sus-
ceptible to fatigue [10]. Slabs are in direct contact with the wheel loads
of heavy vehicles and typically exhibit small ratios of own weight to
live loads. A numerical investigation of the stress range in various
bridge cross-sections under traffic loads indicates that particularly the
transverse deck slab direction at the cantilevers and between the webs
is fatigue critical in the absence of prestressing [11]. Due to the highly
statically indeterminate nature of slabs and considerable capacity to
redistribute stresses, loads are resisted through combinations of
bending and torsional moments. Such bending action is typically re-
sisted by layers of finely spaced reinforcing steel bars in an orthogonal
layout. As a result, the direction of principal moment will deviate from
the reinforcement directions under certain loading and support condi-
tions. A scarcity of experimental data considering the fatigue perfor-
mance of slabs under clearly defined combinations of bending and
torsional moments prompted the tests described in the present paper.
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Nomenclature

Ag reinforcing steel strain at peak load

E, modulus of elasticity of concrete

E; modulus of elasticity of reinforcing steel

F applied force

Et actuator force

Enax, Finin maximum and minimum applied load during cyclic
loading

G own weight of loading yoke and rocker bearings in test
setup

M maxs Mymin - maximum and minimum bending moment in n-di-
rection

N number of load cycles

N fat number of load cycles corresponding to nominal fatigue
strength

N, maximum number of load cycles to failure

R support reactions

SG 1...SG 7 strain gauges

Chom nominal concrete cover to the reinforcement
Je.cube concrete cube compressive strength

fee concrete cylinder compressive strength

fu concrete tensile strength

Sustat static tensile strength of reinforcing steel
fystat static yield strength of reinforcing steel
8.008mo  OWN weight of specimens per unit length

h height

my, my principal moments per unit length

my,m,  bending moments per unit length in the x- and y-directions

Myy torsional moment per unit length relative to x- and y-di-
rections

Uy, Uy concrete deformations on top surface and soffit in n-di-
rection

Wy, W, midspan deflection at front and back surface of specimen

Wy, average midspan deflection

w, crack width

Aoy reinforcing steel stress range

Agy gy, ATya g Nominal and design fatigue strength of reinforcing
steel

S concrete strain at peak load

Eou rupture strain of reinforcing steel

Ew reinforcing steel strain at onset of strain-hardening
Ests Sy reinforcing steel strains in the x- and y-directions
PusPy geometric reinforcement content in the x- and y-directions
01,0, principal stresses

Oy, Ot normal stresses in the n- and t-directions

O, Ty reinforcing steel stress in the x- and y-directions
0y, 0y normal stresses in the x- and y-directions

[N angle defining reinforcement direction

%} diameter

An experimental campaign consisting of two series of four large-
scale tests was carried out at the structural laboratory of ETH Zurich.
Slab specimens were reinforced with standard profiled reinforcing steel
bars in an orthogonal layout and tested under constant force-amplitude
cyclic loading. Reinforcement layouts were investigated wherein (1) the
principal moment and reinforcement direction coincide and (2) with
the introduction of a 45° deviation between the principal moment and
reinforcement directions. The primary objective was to investigate
whether an inclination of reinforcing bars with respect to the principal
moment/stress direction detrimentally influences the fatigue strength
of reinforced concrete slabs. The redistribution of internal forces within
the reinforcement after failure of individual bars was studied as well as
the characterisation of development in response between fatigue failure
of the first reinforcing bar and global failure of the slab.

2. Testing program

Two slab strips were constructed in each of the two series of tests
with the reinforcement layouts indicated in Fig. 1. The tests of series A
constituted the reference set in which only one layer of reinforcement
was activated under bending action. Through a rotation of the ortho-
gonal reinforcement layout by ¢, = 45° with respect to the principal
moment direction, both layers of reinforcement were activated in ten-
sion in the tests of series B. Specimens were subjected to a high level of
constant amplitude cyclic loading in which the maximum load Fy.
resulted in a bending demand of approximately 65% of the theoretical
yield moment. The minimum load F,;,, was defined such that the ex-
pected reinforcing steel stress range clearly exceeded the fatigue en-
durance limit of the reinforcement.

In the tests of series A, the orientation of the activated reinforce-
ment in x-direction corresponded to the principal moment direction
such that m, = my and m, = m,, = 0. In the tests of series B, the acti-
vated reinforcement in both the x- and y-directions deviated from the
principal moment direction. This resulted in a combination of bending
and torsional moments with respect to the reinforcement directions
corresponding to m, = m, = m,, = 0.5-m;. These bending conditions
are indicated graphically on Mohr’s circle for bending and torsional
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moments in Fig. 1(c). Considering the tensile zone of each slab as an
equivalent reinforced concrete membrane, see Fig. 1(b), allows a de-
scription of the corresponding stress states in the reinforcement and in
the concrete between cracks as shown in Fig. 1(d). Flexural cracks in
the concrete form perpendicular to the direction of the larger (tensile)
principal stress. Hence, the concrete between cracks remains unstressed
in the tests of series A and the principal stress at the crack is resisted
exclusively by the reinforcement in x-direction such that o = gg,-p,.
Considering equilibrium at the cracks in the tests of series B indicates
that the applied stress is resisted by both layers of reinforcement. The
corresponding equilibrium condition results to 6, = Guy'p, = Tyr Py

3. Test specimens

The geometry and reinforcement layout of the specimens of series A
and B are illustrated in Fig. 2. The test parameters, summarised in
Table 1, are identical for both series with the exception of the direction
of the flexural reinforcement ¢, with respect to the n-axis. Two ortho-
gonally placed layers of reinforcement were provided in the flexural
tensile zone at a spacing of 100 mm with a nominal concrete cover of
Cnom = 20 mm to the reinforcement. The orientation of the outer and
inner layers of reinforcement corresponded to the x- and y-directions,
respectively. All reinforcing bars activated in tension were ordered with
end anchorages of the type ancoFIX®, see [13], in order to ensure a
short bond development length within the edge regions of the spe-
cimen. The flexural compression zone remained unreinforced. Vertical
shear reinforcement was provided between the supports and the cross-
sections of load application in order to prevent a premature shear
failure of the concrete.

The reinforcement for the specimens of series A consisted of 8
12 mm bars placed parallel to the longitudinal or n-axis of the spe-
cimen in the outer layer with 26 & 12 mm bars constituting the inner
layer in the transverse direction (t-axis). The flexural reinforcement in
the specimens of series B consisted of two layers of 22 & 12 mm bars
each, which were placed with deviations of —45° and 45° with respect to
the specimen n-axis. An approximately isotropic reinforcement layout
resulted in all specimens with geometric reinforcement contents of
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Fig. 1. Overview of testing program: (a) plan views with notation; (b) cross-sectional views; (c) Mohr’s circle for bending and torsional moments; (d) stress state of

equivalent membrane cover elements. Representation adapted from [12].

p, = 0.65% and p, = 0.70% for the x- and y-directions, respectively.

All test specimens were produced with the same concrete mix. The
mechanical properties of the concrete were determined by testing a
total of 20 cylinders (@ = 150 mm,h = 300 mm) and 12 cubes (side
lengths 150 mm). The concrete compressive strength and the modulus
of elasticity were determined by testing all 12 cubes and 12 of the cy-
linders. The remaining eight cylinders were cut in half and used to
determine the splitting tensile strength in double-punch tests. Concrete
material tests were performed prior to the testing of each specimen in
order to record the development of concrete strength with increasing
age. The mechanical properties of the concrete is summarised in
Table 2.

Standard profiled steel bars with a nominal diameter of 12 mm were
used for the flexural reinforcement in all four specimens. All steel bars
were procured from the same heat in order to ensure uniform material
properties with respect to chemical composition and manufacturing
conditions. The mechanical properties of the steel were determined by
direct tensile tests on 15bars randomly selected from the batch. All
strengths were calculated considering the nominal bar diameter. A
summary of the mechanical properties of the reinforcing steel is pro-
vided in Table 3.

71

4. Test procedure
4.1. Test setup

The test setup used for all four tests is illustrated in Fig. 3. A steel
frame was constructed and prestressed to the strong floor as a reaction
structure for a centrally placed servo-hydraulic actuator. A loading
yoke, consisting of a load-transfer beam and two spreader-beams, en-
abled a uniform distribution of the applied force across the specimen
width at two load application cross-sections. The force was applied on
the top surface of the specimen through two rocker bearings at a spa-
cing of 1.12m. The specimen was supported over a span of 2.40 m on
two rocker bearings; one of which was bolted to the supporting struc-
ture, whilst the other was mounted on a steel-Teflon sliding surface that
enabled translation in the longitudinal direction. The supports con-
stituted statically determinate boundary conditions, ensuring that the
sectional forces could be kept constant for the duration of the test as
they depended only on the setup geometry and the applied load.

Cyclic loading was applied under displacement control using a tri-
angular loading protocol. The rate of change in applied force varied
according to the specimen stiffness, thus resulting in slightly different
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Fig. 2. Geometry and reinforcement: (a) side view; (b) plan view. Dimensions in mm.
Table 1 Table 3
Test parameters. Mechanical properties of reinforcing steel; mean values with coefficient of
ariation.
Series A B M tio
Static yield strength fopstat [N/mm?] 554.6 + 1.5%
Slab thickness h [mm] 200 200 . ) ’ 5
Stati 1t te str th . N 612.5 + 2.2%
Reinforcement direction P [1 0 45 a 1.c uitimate s eng‘ . Jsustar IN/mm’] * N
Reinforcement content in x-direction Px [%] 0.65 0.65 Stra¥n at onset of strain-hardening Esv [%o] 301 +2.2%
X . o Strain at peak load Agt [%o0] 91.6 + 6.5%
Reinforcement content in y-direction Py [%] 0.70 0.70 R .
R Ultimate strain Esu [%o] 112.6 + 8.8%
Moment at maximum load My, max [KN m] 46.64 46.64 Modulus of elasticity E [KN/mm?] 2013 + 1.4%
Moment at minimum load My min [KN m] 12.80 12.80

loading frequencies as increasing damage led to larger displacements.
The average loading frequencies changed from 1.0 and 0.7 Hz during
the initial load cycles to 0.7 and 0.6 Hz shortly before failure in the tests
of series A and B respectively. The average test duration including
periods of manual measurements in which the cyclic loading was in-
terrupted amounted to approximately 9 weeks.

4.2. Measurements

Manual measurements were made during the initial loading and
periodically at maximum and minimum load between intervals of cyclic
loading. These measurements included: (i) recording local concrete
deformations on all surfaces of the specimen as well as measuring the
slab deflection with demountable deformeters, (ii) marking newly
formed concrete cracks and recording crack widths, (iii) photographing
the specimen, and (iv) nondestructive detection of damage to the re-
inforcement. A newly developed approach for damage detection in

interpretation of constant magnetic fields, namely, the magnetic flux
leakage method, was used to detect fractures in the reinforcement.
Continuous measurements of the applied force, midspan deflection,
concrete deformations on the top surface and soffit as well as reinfor-
cing steel strains were made with 15 permanently installed sensors, see
Fig. 4. The applied actuator force F,; was recorded with a load cell
integrated into the actuator housing. The slab midspan deflection was
measured with a Linear Variable Displacement Transformer (LVDT) at
the front w; and at the back surface w, of the specimen. Concrete de-
formations within the constant moment region were measured on the
top surface u; and soffit u, with LVDTs over a base length of 350 mm.
Reinforcing steel strains were measured with six strain gauges SG 1-SG 6
applied directly to two bars in each specimen. The instrumented bars
were milled along the longitudinal rib at these locations in order to
produce even, flat surfaces on which the strain gauges were glued, see
Fig. 5. This preparation of the bars resulted in localised cross-sectional
reductions of approximately 4%. Each strain gauge was subsequently
coated with a silicone gel for insulation from moisture and mechanical

ferromagnetic reinforcement through the measurement and protection. In addition, the influence of temperature fluctuations on the
Table 2
Mechanical properties of concrete; mean values with coefficient of variation.
Specimen Al A2 B1 B2
Age of concrete [d] 96 343 209 384
Cube compressive strength, f, . pe [N/mm?] 51.8 + 6.3% 56.4 + 3.5% 56.9 + 6.3% 55.6 + 3.3%
Cylinder compressive strength, f,. [N/mm?] 51.3 + 2.5% 51.9 + 0.8% 52.1 + 6.9% 51.9 + 4.4%
Splitting tensile strength, f., [N/mm?] 3.92 + 5.3% 3.61 + 6.1% 3.59 + 5.7% 3.67 £ 10.1%
Strain at peak load, e [%o] 2.51 + 1.4% 235+ 0.2% 2.32 + 9.8% 2.34 + 3.2%
Modulus of elasticity, E, [kN/mm?] 34.9 + 2.0% 34.7 + 1.2% 34.5 + 1.2% 34.1 + 1.0%
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Fig. 3. Test setup: (a) section I-I; (b) front view. Dimensions in mm.
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Fig. 4. Plan view layout of permanently installed sensors: (a) series A; (b) series B.
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Fig. 7. Critical cross-sections at failure: (a) test Al; (b) test A2.

strain gauge measurements during testing was compensated with a
reference measurement. For this purpose, an additional strain gauge
SG7 was applied to a short, identically prepared bar which was cast into
an unloaded region of the specimen.

5. Test results
5.1. Analysis and representation of data

The x- and y-axes define the orientation of the outer and inner layers
of reinforcement, respectively. The n- and t-directions indicate the
longitudinal and transverse axes of the specimen, respectively. Positive
forces, displacements and stress resultants are defined as illustrated in
Fig. 6. The applied force F [kN] per load application position, the
support reactions R [kN] and bending moment at midspan M, [kN m]
were calculated with

F=05FEq+G @

R =10.75-g, + 0568, + F @)

M, = 1.2-R—0.56-F—0.7S~0‘935-gco—%-0.562-gm0 @)
assuming an equal distribution of force across the loading yoke and
support reactions due to symmetry. The weight of the loading yoke and
rocker bearings on the top surface of G = 3.06 kN per load application
position and the own weight of the specimen was considered in the
calculations. A specimen weight per unit length was assumed as
8.0 = 3.822kN/m for the region with shear reinforcement and
8o = 3-810 kN/m for the central region without shear reinforcement.
The displacement at midspan w,, denotes the mean value of LVDT
measurements w; and w, on the front and back sides of the specimen.

Global failure of the specimen constitutes the condition in which the
maximum load was no longer reached during quasi-static loading in
displacement control. The structural condition upon reaching this cri-
terion was generally characterised by large deflections and often
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Fig. 8. Series A: (a) moment-deflection and reinforcing steel strains in x-direction at selected load cycles; (b) midspan deflection; (c) and (d) reinforcing steel strains
in x-direction; (e) soffit of test A1 at N, = 1,140,040; (f) soffit of test A2 at N, = 825,784.

accompanied by spalling of the cover concrete to the reinforcement.
The rupture of reinforcing bars due to large plastic deformations could
be heard in most specimens after exceeding the residual flexural re-
sistance.

Reinforcing bar fractures were detected on the basis of measure-
ments with the magnetic flux leakage method. Inspection of the mea-
sured signals and comparison with the results from a detection algo-
rithm developed for this purpose resulted in a reliable identification of
bar fractures in most cases. Details of this method and more detailed
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results is provided in the dissertation of Diederich [14]. The majority of
fractures, and even the onset of fatigue crack formation in some bars,
could be detected in the tests of series A. The fracture detection in the
tests of series B, however, proved to be less successful with this method;
a number of false negative detections were obtained for closely spaced
fractures and for fractures within the inner layer of reinforcement. In-
terpretation of the quasi-continuous measurements of steel strains on
the instrumented bars provided a further indication of the rupture of
individual bars. The two following characteristics were observed: (1) a
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Table 4
Tests Al and A2: selected measurements at maximum and minimum load for increasing load cycles.
Test Al Test A2

N M, W u Eox €5y N M, Wi u Esx Esy Level
[-] [kN m] [mm] [mm] [%e] [%o] [-] [kN m] [mm] [mm] [%0] [%c]

0 43.06 6.10 -0.21 1.090 - 0 44.14 6.51 -0.27 1.076 - Fiax
1 11.99 2.51 -0.08 0.461 - 1 12.98 2.94 —0.11 0.518 - Fin
10 44.33 6.61 -0.22 1.191 - 10 44.82 6.97 —0.29 1.169 - Fax
10 12.35 2.75 —0.09 0.501 - 10 12.95 3.09 —-0.11 0.551 - Frin
124 45.22 7.29 —0.24 1.303 - 110 45.18 7.24 -0.29 1.229 - Finax
124 12.27 2.95 -0.09 0.528 - 110 12.87 3.18 —0.12 0.560 - Fin
1,124 45.07 7.55 -0.25 1.322 - 1110 45.78 7.50 —0.30 1.256 - Fax
1,124 12.14 3.13 -0.10 0.542 - 1110 12.94 3.29 —-0.12 0.581 - Fiin
11,124 46.23 7.78 —-0.25 1.345 - 11,110 46.19 7.72 -0.31 1.292 - Fiax
11,124 12.16 3.37 —-0.10 0.560 - 11,110 12.72 3.37 —-0.12 0.591 - Fmin
111,133 44.95 8.16 -0.26 1.356 - 111,110 45.78 7.85 —0.32 1.313 - Finax
111,133 12.54 3.68 -0.12 0.591 - 111,110 12.77 3.48 —0.13 0.606 - Fhin
311,133 45.30 8.43 -0.27 1.367 - 511,110 45.52 8.05 —0.33 1.343 - Finax
311,133 13.35 4.14 -0.13 0.635 - 511,110 12.96 3.64 -0.14 0.633 - Fmin
511,133 45.75 8.62 -0.28 1.387 - 755,347 45.16 9.65 —0.38 1.794 - Fax
511,133 13.16 4.27 -0.14 0.647 - 755,347 12.88 4.28 —0.16 0.817 - Fhin
711,133 45.57 8.79 -0.29 1.393 - 800,317 45.10 11.27 —0.43 2.108 - Finax
711,133 13.14 4.47 -0.15 0.659 - 800,317 12.70 5.06 —0.18 0.946 - Fmin
906,347 45.28 9.14 -0.29 1.428 - 809,232 45.68 13.00 —-0.48 2.191 - Fiax
906,347 12.98 4.63 -0.15 0.665 - 809,232 13.05 6.28 —0.22 0.980 - Fin
961,995 45.58 9.83 -0.32 1.471 - 825,514 45.14 15.58 —0.56 2.229 - Finax
961,995 13.27 5.03 -0.17 0.684 - 825,514 12.81 8.66 —0.31 1.363 - Frin
1,035,895 45.55 10.43 -0.33 1.592 - Fiax
1,035,895 13.15 5.36 -0.18 0.735 - Fin
1,131,296 45.45 11.41 -0.34 1.627 - Finax
1,131,296 13.27 5.88 -0.18 0.754 - Frmin
1,140,040 43.58 14.24 -0.33 1.763 - Finax
1,140,040 13.12 8.60 —0.18 0.846 - Fmin

sudden, disproportionally large increase in steel strain indicated failure
of a bar other than the one wherein the measurement was made, which
was close to or within the cross-section of the measurement position;
and (2) a sudden decrease in steel strain indicated rupture of the bar in
which the measurement was made. The number of load cycles at which
individual bars fractured could be estimated by considering such de-
velopments in steel strain as well as the fracture position relative to the
strain gauges.

5.2. Tests of series A

Fig. 7 indicates the critical cross-sections in specimens Al and A2 at
failure; the structural response of tests Al and A2 is illustrated through
the continuous measurements at maximum and minimum load in Fig. 8.
Selected measurements are summarised in Table 4.

The first reinforcing bar fracture occurred at a greater number of
load cycles in test Al than in A2. The remaining number of load cycles
until global failure, however, was similar in both tests. The increase in
midspan deflection from the initial loading to the final measurement
shortly before failure amounted to 133% and 140% in tests Al and A2,
respectively. The critical cross-section in test A2 developed close to the
centre of the test region, see Fig. 7(b). In test Al, the critical crack
formed close to a load application surface, i.e. outside the measurement
region, see Fig. 7(a). As a result, lower concrete compressive de-
formations u; were measured on the slab top surface in test Al. Re-
inforcing steel strains were measured at three positions on two bars in
x-direction in each specimen, see Fig. 8(c) and (d). Some variation in
strain measurements at different locations on the same bar, particularly
in the measurements at maximum load, were observed. Such variations
can be attributed to the position of the measurement relative to the
concrete cracks. High steel strains occur close to the cracks; whereas the
activation of bond stresses at the interface between the reinforcing bar
and the surrounding concrete results in lower steel strains between
adjacent cracks. Large, nearly vertical flexural cracks were observed in
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both tests at the critical cross-section after the rupture of one or more
reinforcing bars. The depth of these cracks increased into the flexural
compression zone, subsequently becoming visible in both tests on the
top surface of the specimen at failure.

5.3. Tests of series B

Fig. 9 illustrates the structural response of the specimens in series B
through the continuous measurements from tests B1 and B2. The cri-
tical cross-sections of both tests at failure are shown in Fig. 10. Selected
measurements are summarised in Table 5.

The midspan deflection of both tests in series B correlated closely at
maximum and minimum load. The ratio of uncracked to cracked stiff-
ness was significantly lower than in the tests of series A due to the
deviation between principal moment and reinforcement direction. As a
result, the midspan deflection was on average more than 2.5 times
greater. The relative increase in midspan deflection between the initial
loading and shortly before failure, however, was significantly lower in
the tests of series B than in A, amounting to only 74% and 69% in tests
B1 and B2, respectively. Concrete deformations on the slab top surface
u; (compressive) were approximately twice as high as observed in the
tests of series A. This indicates high compressive strains within the
flexural compression zone in the direction of principal moment.
Fig. 9(c) and (d) indicates the development of reinforcing steel strains
at maximum and minimum load throughout the fatigue lives of the
specimens. These measurements were obtained from three strain
gauges on a bar in x-direction and another three on a bar in the y-
direction in specimens B1 and B2. The variation in steel strains mea-
sured at different points on the same bar was larger than in the tests of
series A. Moreover, higher strains were observed on the outer layer of
reinforcement in x-direction than those on the inner layer in y-direc-
tion. Due to the relatively high level of cyclic loading and after failure
of individual bars, the strains in some of the bars shortly before failure
were of a magnitude that indicated the onset of yielding of the steel. In
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Fig. 9. Series B: (a) moment-deflection and reinforcing steel strains in x- and y-direction at selected load cycles; (b) midspan deflection; (c) and (d) reinforcing steel
strains in x- and y-direction; (e) soffit of test B1 at N, = 271,524; (f) soffit of test B2 at N, = 219,741.

contrast to the transverse cracks observed on the top surfaces of spe-
cimens Al and A2 at failure, cracks with an orientation approximately
perpendicular to the direction of the larger principal strain (tension)
were observed in test B1, see Fig. 10(a). Such cracks indicate high
transverse tensile strains within the flexural compression zone of the
specimen. Furthermore, some spalling of the cover concrete to the re-
inforcement was observed in test B2 at failure. This indicates high
compressive strains perpendicular to the larger principal direction
within the flexural tensile zone on the slab soffit.
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6. Discussion
6.1. Fatigue strength of the reinforcement

Between 8 and 18 fractures were found in each specimen at failure.
Multiple fractures were observed in some bars within the test region.
Some fractures occurred at short intervals; the minimum distance ap-
proximately corresponding to the bar spacing. The sequence of occur-
rence could partially be derived from the manual and quasi-continuous
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Fig. 10. Critical cross-sections at failure: (a) test B1; (b) test B2.

Table 5
Tests B1 and B2: selected measurements at maximum and minimum load for increasing load cycles.
Test Bl Test B2
N M, Wi u Esx Esy N M, Wi uy Esx sy Level
[-] [kNm] [mm] [mm] [%o] [%0] [-] [kN m] [mm] [mm] [%0] [%c]
0 43.63 15.85 -0.50 1.738 1.392 0 43.54 16.29 —-0.47 1.656 1.283 Fiax
1 13.38 8.06 —-0.24 0.790 0.732 1 12.33 7.52 -0.19 0.716 0.600 Fmin
10 45.09 17.76 —0.54 1.838 1.501 10 44.95 17.89 —0.50 1.773 1.393 Frnax
10 13.56 8.77 —-0.24 0.799 0.743 10 12.57 8.20 -0.20 0.767 0.649 Frin
110 45.20 18.74 —-0.56 1.872 1.560 110 45.17 18.74 —-0.52 1.829 1.432 Finax
110 12.43 8.33 —-0.22 0.738 0.687 110 12.84 8.65 -0.21 0.790 0.666 Frin
1,110 45.65 19.36 —0.58 1.919 1.594 1110 45.37 19.36 —0.54 1.887 1.455 Frnax
1,110 12.66 8.72 - 0.765 0.713 1110 12.65 8.86 —0.22 0.800 0.668 Fiin
11,110 45.57 19.79 —-0.59 1.940 1.612 11,110 46.08 20.09 —0.56 1.972 1.500 Finax
11,110 12.71 9.01 —-0.25 0.780 0.726 11,110 12.60 9.04 -0.23 0.830 0.688 Frin
60,278 45.64 20.56 —-0.61 1.965 1.635 110,000 45.94 21.16 —-0.59 2.048 1.521 Fiax
60,278 12.40 9.29 —-0.26 0.782 0.731 110,000 12.84 9.72 -0.25 0.861 0.709 Fiin
110,000 46.00 20.98 —-0.62 2.010 1.848 217,555 46.11 23.08 —0.63 2.577 1.691 Finax
110,000 12.95 9.74 -0.27 0.825 0.843 217,555 12.64 10.59 -0.27 1.199 0.774 Fmin
269,807 45.70 24.70 -0.71 2.241 1.969 219,079 45.64 24.60 —-0.65 3.082 1.766 Fiax
269,807 12.88 11.65 -0.32 1.280 0.919 5219,079 12.46 11.24 -0.27 1.700 0.796 Frin
271,345 45.26 27.74 -0.89 2.460 2.349 219,728 45.23 27.48 —0.68 - - Finax
271,345 12.81 13.91 —0.42 1.339 1.556 219,728 12.68 14.36 -0.31 - - Fiin
219,741 36.79 32.31 —0.66 - - Fiax
219,741 12.67 24.87 -0.37 - - Fmin
Table 6 Table 7
Sequence of reinforcing bar fractures for tests A1 and A2. Sequence of reinforcing bar fractures for tests B1 and B2.
Test Al Test A2 Test B1 Test B2
Fracture no. NP Type Fracture no. NP Type Fracture no. NP Type Fracture no. NP Type
103 (834,100) Fatigue 207 (560,200) Fatigue 303 (214,400) Fatigue 406, 407 (197,900) Fatigue
111 (885,000) Fatigue 209 (592,900) Fatigue 307 (227,900) Fatigue 402 (216,500) Fatigue
110 906,347 Fatigue 215 (634,100) Fatigue (SG5)
102 (940,600) Fatigue 214 (643,800) Fatigue 301, 308, 269,807  Fatigue 401, 403 219,079  Fatigue
106 (958,700) Fatigue 216 (680,200) Fatigue 310, 311
105 961,995 Fatigue 211 (748,600) Fatigue 304, 309, 271,345  Fatigue 404, 408 219,741 Fatigue
108 (1,033,200)  Fatigue 204, 206, 208, 755,347  Fatigue 312, 313
213 306 271,345  Fatigue 405 219,741 Fatigue
101 1,035,895  Fatigue 205 (790,100) Fatigue (SG6)
107, 109 1,131,296  Fatigue 201, 202 800,317  Fatigue 305 271,524  Fatigue
104 1,140,040  Fatigue- 212 (800,500) Fatigue 302 271,524  Fatigue-
ductile ductile
210, 217 809,232  Fatigue
203 825,514  Fatigue @ The load cycle at failure is based on the detection with the magnetic flux
218 825,784 Ductile

2 The load cycle at failure is based on the detection with the magnetic flux
leakage method.
> Values in brackets indicate an estimation from strain measurements.

measurements. The occurrence of reinforcing bar fractures in the tests
of series A and B is summarised in Tables 6 and 7, respectively.
Moreover, a characterisation of fracture type is indicated as either
“fatigue” or “ductile” on the basis of an inspection of the fracture
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leakage method.
b Values in brackets indicate an estimation from strain measurements.

surface.

Calculations with a model developed by the first author [15] and
interpretation of the reinforcing steel strain measurements, as presented
in [16], enable a prediction of the stress range in the reinforcement
under cyclic loading. The proposed model makes use of a layered ele-
ment formulation and incorporates approaches such as the Cracked
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Fig. 11. Fatigue fracture of reinforcing steel bars in the tests of series A and B.

Membrane Model [17], previously developed at the Institute of Struc-
tural Engineering of ETH Zurich for quasi-static loading conditions, in
order to realistically predict reinforcing steel stresses at the concrete
cracks. For the tests of series A, the model prediction of reinforcing steel
stress range amounts to Ac; = 223 N/mm? between the maximum and
minimum load levels. The finite width of the slab strip specimens,
however, results in a variable reinforcement content within the con-
stant moment region in the tests of series B. The effective reinforcement
content is lower than in the tests of series A; thus, resulting in higher
reinforcing steel stresses for the tests of series B. The calculations in-
dicate a stress range of Ag; = 300.5 N/mm? for both the x- and y-di-
rections of reinforcement. Fig. 11 indicates the number of load cycles at
which bar fractures were detected in the tests of series A and B at the
corresponding stress range in double logarithmic form. This re-
presentation of the results constitutes an S-N diagram of the individual
fractures in all four test specimens. The fatigue strength curve for the
finite-life region is indicated for both the nominal fatigue strength Ag; g
(continuous line) and the design value Aoy (dashed line) re-
commended in the Swiss standard [18,19].

All fractures occurred at a greater number of load cycles than in-
dicated by the design fatigue strength curve. In both series of tests,
however, a number of fractures occurred at less load cycles than in-
dicated by the curve representing the nominal fatigue strength. The first
fractures in tests A1 and A2 occurred at N = 834,100 and 560,200,
whereas global failure occurred at N, = 1,140,040 and 825,784 load
cycles, respectively. In other words, the first fatigue fracture occurred at
73% and 68% of the total number of load cycles until failure in tests Al
and A2, respectively. In tests B1 and B2, first fractures were detected at
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approximately N = 214,400 and 197,900 load cycles, respectively.
Global failure occurred in test B1 at N, = 271,524 and in test B2 at
219,741 load cycles. Hence, the first fatigue fracture in tests B1 and B2
occurred at 79% and 90% of the total number of load cycles to global
failure, respectively.

6.2. Reinforcing bars inclined to crack direction

Flexural cracks in reinforced concrete slabs initially form perpen-
dicular to the direction of principal moment. Where the principal mo-
ment and reinforcement directions coincide, i.e. uniaxial or biaxial
bending, the cracks form perpendicular to the reinforcement direction,
see Fig. 12(a). Such bars may be assumed to be subjected to purely
uniaxial loading. In slab regions subjected to high torsional moments,
the direction of principal moment deviates from the reinforcement di-
rection. The orientation of flexural cracks is no longer perpendicular to
the reinforcement direction. Considering the geometric compatibility of
a crack opening requires such bars to undergo a reorientation in a di-
rection normal to the crack [20], see Fig. 12(b). High loads will result in
local crushing of the concrete at the inner surface of the bar; thus, al-
lowing only a partial reorientation. The reinforcing bars in such regions
experience a local bending and/or possibly shear action in addition to
axial tensile loading. Tests have indicated that such a reorientation of
bars at the cracks has little influence on the ultimate resistance of slabs
[20]. Fatigue, however, occurs under service conditions; typically at
significantly lower stress levels than the ultimate strength.

The fracture pattern of reinforcing bars adjacent to the critical crack
observed in test B2 suggests some degree of reorientation, see Fig. 13.
Bar fractures occurred within both the outer and inner layer of re-
inforcement. The fractures denoted by No. 406 and 407 occurred in the
same bar within the inner layer of reinforcement at a distance corre-
sponding roughly to the bar spacing. Furthermore, the fracture surfaces
on both sides of the critical crack indicate some misalignment due to
the opening of the crack at an inclination to the bar direction, see
Fig. 13(b).

All fractures in the tests of series B occurred at significantly fewer
load cycles than those in the tests of series A. Global failure occurred in
tests B1 and B2 on average at only 25% of the number of load cycles
sustained in tests A1 and A2. The lower fatigue lives, however, can be
attributed to the higher reinforcing steel stress range observed in the
tests of series B. Considering the S-N diagram of bar fractures shown in
Fig. 11, the reduced number of load cycles to failure observed in the
tests of series B is appropriately reflected in the fatigue strength curve.
The tests therefore indicate that an inclination of reinforcing bars with
respect to the direction of principal stress — even at levels of applied
cyclic loading exceeding typical service conditions — does not
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Fig. 12. Reinforcing bar orientation relative to concrete cracks: (a) perpendicular to cracks; (b) inclined with respect to cracks, adapted from [20]. Note: the crack

width is exaggerated.
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Fig. 13. Exposed bar fractures in test B2: (a) overview at critical cross-section; (b) detail of fracture No. 407 across the critical crack.

detrimentally affect their fatigue strength.

7. Conclusions

The present experimental campaign was carried out to investigate
the fatigue performance of orthogonally reinforced concrete slabs
wherein the principal moment and reinforcement direction do not co-
incide. On the basis of the experimental results, a number of conclu-
sions could be drawn with regards to the load-carrying behaviour of
slabs under high levels of cyclic loading. The main conclusions can be
summarised as follows:

7.1. General

Fatigue represents a realistic hazard scenario for reinforced concrete
slabs with a typical reinforcement content. For predominant bending
action, a relatively gradual but continuous deterioration of the load-
deformation behaviour is observed. Measurable changes in structural
response occur upon failure of individual bars; especially pronounced
were the increases in reinforcing steel strains. A detailed inspection of
the exposed bar fractures in all four tests indicate that the local milling
of the instrumented bars along the longitudinal rib, as indicated in
Fig. 5, was not significantly detrimental for the fatigue properties. Out
of a total of 50 bar fractures, only two occurred within the milled re-
gions. Changes in the concrete deformations on the slab top surface and
soffit were also observed upon reinforcement rupture. The occurrence
of bar failures was characterised by localisations of concrete strains and
curvatures in the critical cross-sections. Furthermore, local increases in
crack widths were observed in the proximity of bar fractures as well as
the formation of secondary cracks in some cases. Global failure in
bending occurs when the residual flexural strength, following rupture
of individual reinforcing bars, falls below the bending demand. Such a
mode of failure was observed in all four tests.

7.2. Reinforcing bars inclined to crack direction

The four tests were performed at high levels of reinforcing steel
stress range that exceed the expected range of approximately
100-150 N/mm? under typical service conditions in bridge deck slabs.
A generalised interpretation of the results presented in this paper,
especially within the long-life fatigue region, is therefore limited. By
directly comparing the reinforcement fatigue strengths observed in the
two series of tests, however, some insight is gained into the differences
in fatigue performance with respect to the reinforcement orientation.
An evaluation of reinforcing steel strain measurements indicates higher
stress ranges in the tests of series B than in series A. As a result, tests Bl

80

and B2 failed on average at only 25% of the total number of load cycles
observed for tests A1 and A2. The number of load cycles corresponding
to bar fractures at the expected stress ranges in the tests of both series
correlate well with the fatigue strength curve in an S-N diagram re-
presentation. The fatigue strength of the tests in series B can therefore
be evaluated as being similar to the tests in series A. Hence, the tests
indicate that the fatigue strength of bars inclined with respect to the
direction of principal stress is comparable to that of bars orientated in
the principal stress direction.

7.3. Redistribution of internal forces

Measurements of reinforcing steel strains during cyclic loading in-
dicate sudden, disproportionally large increases that correspond to the
fracture of individual bars. Moreover, the failure of a bar in one layer of
reinforcement in the tests of series B was observed as an increase in
steel strains on the other, perpendicularly orientated layer activated in
bending. This confirms that a redistribution of internal forces occurs
under cyclic loading upon rupture of individual bars. Such a redis-
tribution may even extend to other layers of reinforcement activated in
bending.

7.4. Remaining service life after first fatigue damage

Failure of a single reinforcing bar in members reinforced with
multiple bars generally does not signify immediate collapse. Slabs are
typically reinforced with layers of closely spaced bars. Their structural
behaviour is relatively insensitive to the failure of single bars. The re-
maining fatigue life, defined by Fehlmann [7] as the phase after failure of
the first bar until global failure of the structural member, amounted on
average to 29% and 15% of the total fatigue life for the tests in series A
and B, respectively. A significant increase in the remaining fatigue life
could be expected at lower levels of cyclic loading more closely re-
sembling the typical service conditions in bridge deck slabs. The pro-
gressive deterioration of load-carrying capacity associated with fatigue
fracture of individual bars in the present tests was characterised by
sudden, disproportionally large increases in deflection as well as in the
widths of existing cracks, possibly localised formation of secondary
cracks and/or spalling of the cover concrete to the reinforcement. The
identification of these characteristics in existing concrete structures
could serve as warning signals for the potential onset of fatigue damage.
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