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Fatigue Design Concept Considering the Indefinite State of Stress in the Reinforcement of RC-Beams

Concept de dimensionnement a |a fatigue en considérant |'état de tensions indéfini dans I’armature des
poutres en béton armé

Bemessungskonzept fliir Ermiidung unter Beriicksichtigung der unbestimmten Spannungen in der
Bewehrung von Betonbalken

R.P. FREY

Research Associate

Swiss Federal Institute of Technology
Zirich, Switzerland

SUMMARY

In order to analyse the fatigue behaviour of reinforced concrete structures a knowledge of the state of
stress is essential. With the emphasis on the shear behaviour a series of six reinforced concrete beams
under cyclic loading was tested. From the measured strains it becomes evident that the stresses vary
within a considerable range. However, the stress amplitude can be determined mocre accurately. It fol-
lows that a fatigue design concept should be based on the stress range.

RESUME

La connaissance de |'état de tensions est importante pour la compréhension du comportement a la
fatigue des membres en béton armé. Pour étudier spécialement celui de la résistance a I'effort tranchant,
on a exécuté six essais sur des poutres en béton armé. Les résultats des mesures montrent que les
tensions varient considérablement tandis que leurs différences peuvent étre déterminées avec plus de
précision. 1l s’en suit qu'un concept de dimensionnement a la fatigue devrait donc &tre basé sur les dif-

férences de tensions.

ZUSAMMENFASSUNG

Fiir die Erfassung des Ermiidungsverhaltens von Betonbauteilen ist die Kenntnis des Spannungszu-
standes Voraussetzung. Mit Schwerpunkt auf dem Schubverhalten wurden sechs Ermiidungsversuche
an Stahibetonbalken durchgefiihrt. Die Messungen zeigen, dass die Spannungen Uber einen grossen Be-
reich variieren, die Spannungsdifferenzen jedoch besser erfasst werden kdnnen. Daraus wird gefolgert,
dass ein Bemessungskonzept fir Ermiidung auf den Spannungsdifferenzen basieren sollte.
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1. INTRODUCTION

Recent studies on the shear strength of reinforced concrete beams under static
loading led to new design rules and codes (CEB Model Code, 1978; SIA 162-RL 34,
1976; [1], [2]) which permit less web reinforcement. In order to study the fa-
tigue behaviour of beams designed according to the new static rules, a knowledge
of the stresses under service load conditions is essential. With emphasis on the
shear behaviour a series of six reinforced concrete beams under cyclic loading
were tested.

2. TEST PROGRAM, MAIN PARAMETERS

j A fy The layout of the tests was based on the
6 by T ultimate load design approach given in the
bl Tm— Thuiss y Swiss Code SIA 162-RL 34, which assumes a
A L | 2 TEST SPECIMENS t,.ss model with variable inclination of
o Bl Bt the diagonal concrete compression field
O B1/2,Bl/4 (Fig. 1). The minimum angle, tany = 0.6,
O BlI/S was chosen. This led to the minimum shear
A BI/6 reinforcement for the beams BI/1,3,5,6.

The longitudinal reinforcement was varied

from values below the level at which the

stirrups and longitudinal reinforcement

yield to values corresponding to an over-
T reinforced beam (specimens BI/1l and 3) and
including the case where both reinforce-
ments yield (specimen BI/6). Two beams
were tested with only 50% of the rein-
N\ forcements of beams BI/1 and 3.

STIRRUPS

The second main parameter was the nominal
shear stress (web thickness). This led to
four beams unsymmetric with respect to
the web thickness (specimens BI/1,2,3,4)
and two symmetric beams (specimens BI/5
and 6).

Ai}wﬂmw The test set-up consisted of simply sup-
ported beams with a concentrated load at
midspan (Fig. 2) producing a constant
shear force but different nominal shear

AL fy stresses for the unsymmetric beams. All

Vo, byt specimens had the same span and depth.

Table 1 gives the essential dimensions of

Fig. l: Design Parameters all six beams.

LONGITUDINAL REINFO..CEMENT

40

The upper level of the cyclic loading was
chosen to fall in the region of service
loads and fixed at 50% of the ultimate
design load. The maximal possible load
range, fixed by the limitations of the
testing arrangement, was chosen (Fig. 3).
All beams were loaded statically up to
the maximum load Fpzx = 370 kN and then
subjected to a constant cyclic loading
with a load range of 30 to 370 kN with
the exception of beam BI/1. A statical
test to failure was done at the end of
the test program for each beam. Beam BI/1
. was tested under cyclic loading with in-

Fig. 2: Test Set-up, Beam BI/3 creasing maximum load levels.
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SPECIMEN Bt [ Bz B3 [ B4 | 8IS | BI/6 | Tne first two specimens were
LOAD EQUIPMENT CLOSED LOOP SYSTEM PULSATOR tested with a closed loop
DIMENSIONS system. The main interest in
SECTION T T T T T T beams BI/1 and 2 was in the
SPAN L [mm] 5000 5000 5000 5000 5000 5000 1 1 3
DEPTH D €80 €80 680 €80 680 680 St_:raln hlStOry durlng the
UPPER FLANGE Buup 800 800 800 800 1400 1400 first few cycles as well as
1 OWER FLANGE by 350 350 350 350 —_ 200 - -
WEB THICKNES by 100150 | 100M50 | 100/150 | 1004150 150 100 the influence (in beam BI/1)
of previous load cycles on

REINFORCEMENT :

: the development of strains
LONG REINFORCEMENT AL[mm!] 5650 2830 5650 2830 2830 3890 .
STIRRUPS Agfm¥m] | 786 202 786 402 786 786 at higher load levels. The
LONG RENFORCEMENT 5[] 143 052 143 082 033 045 beams BI/3 to 6 were tested
STIRRUPS ps [#] 079/052 | 040/0.27 | 079/052 | 040/027 as2 Q79 using a Amsler pulsator

fowk 2 ION/min?

MATERIAL PROPERTIES CONCRETE : REINFORCEMENT : f,y 2 460 N/mm?

Tg = 1 N/mm?

Table 1l: Beams BI/1-6, Dimensions and Properties

de All measurements were taken from measuring
4] [E’!Ef'ze': LEVEL marks glued on the concrete, with exception of
; ; ' those used to measure the strains in the longi-
/' / tudinal reinforcement and the stirrups which
g / / were glued directly on the reinforcing bars.
& The gauge length varied from 100 mm (local
z : { / DESIGN LEVEL stirrup strains) to 300 mm (average stirrup
i ’ e | BBAE strains over the web depth). 100 mm gauge
i //, /’ length for the stirrups was employed on one
% osf, ’ = gside of the web. On the other side, only the
/’ £ average stirrup strain over 300 mm was meas-
& i3 ured. Strain gauges were used to determine
f 2 3 4 5 & local concrete deformations. The measurements
NOMINAL SHEAR STRESS were taken under static load corresponding to
(22222 —————1  WEBby, =100 mm lower and upper load levels. Deflections dur-
R R— WEB by, =150 mm ing cyclic loading were observed to check for
2T, ] AF = 92% OF TEST LOADF any dynamic effects.

/T i F = 50% OF DESIGN LOAD

Fig. 3: Load and Design Level

3. BEAM BI/3, RESULTS

Because the results collected during the whole test series are gquite extensive,
only those of a typical test beam, BI/3 (Fig. 4), are presented. Fig. 5 shows

Al Bl 8 § [mm]
‘|_ [ L ] ] EI 10
al sl i Frnax= 3TORN
lsoo| 2500 I 2500 leo} ° J/”MJ
6|—-———"—_—1 }
800 800

E H)| Finin =30kN
g F =0

="

]

o
g
g $10,1-200 8 $10,1-200 2 2
g—J’ = g . e —— 7

|4 3|
14 3 37 47 55 66 logN
5¢30+4 926 Sl&l)'ioo [%5“3150 25 0% 540% 5040° 10'5 4408 O?N]

Fig. 4: Beam BI/3 Fig. 5: Beam B’/3, Deflection History
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40 e | ¢ amocee 41O t':he deflection-history at mid§pan: It
@ ﬁ e amocyoms |, %s represgntatlve of the strain history
4¢4 T{‘ € 157 Cycle in the stirrups and the longitudinal
o8- 44 ps _%\/ ) los reinforcement. The increase of strains
; ,///l\~\WF with the number of cycles is very high
> A4 (/V/‘ ; \\: 'ji z at the start and becomes smaller once
Gl /1/"// i N 15 "EEL the crack pattern is fully formed. It
252 | also becomes evident from the figure
02t /|4 { \T{:r\ﬂm that the increase in the deflection
d | L '\ range is smaller than the increase in
deflection under maximum or minimum
aEj 1078 | AE|0167] loads.
081 | {os
P J Figure 6 shows the measured strains and
o8 Y14 f|\1 \AF 196 az, the measured strain ranges in the longi-
oa] IA1A { ™ afi?ﬁ' tudinal reinforcement at the first cy-
JF’) l cle, at two Mio cycles and at four Mio
o2t ¢ l 102 cycles. The difference in the scatter
7 | k. between the maximum strains € and the
R strain range Ac, as well as different
WFIB?'”??"‘.M : +F  AF \"Eilbw-.'i~'>0'"m11 growth rates is apparent.
| ! 3 Analogous conclusions can be drawn with
—b €46 g respect to the stirrup strains (Figs. 7

STIRRUP 41 2 3 4 56 7893490 WHBTIHEGMTRZN

Fig. 6: Beam BI/3: Variation of Strains
in Longitudinal Reinforcement
under max. Load F = 370 kN and

under Load Range AF = 340 kN
Emax [1077] : €j00™
3
wi ‘ I I l [ I 120
[ /c,ru 4Mio Cycles, 2
8 ,e.r...zmoc,cm ] L~ AgEg
15 ¢ > 1 )A€ 15TCycle 1 //- 5
= JH I 4r_ _1;._,
10+ i J 10
|
Litgg
Q51 | 105
| 1
}
1PFQ||IJI’!0?
B OO e o0 )1
ot s 3
L~
18] b 4 l L‘-i s s5s
0_ [ 1 r_ I i i 4;1
2 |
10+ y : 9 HO
1
ost f : i tas
I
B !
WEB b, * 100mm i ‘F WEBb,= 150 mm %"’c‘
V. /
%[ ¥ [ ]

7.
STIHRUP1 2 34 3678910 20191817 6 1544 (342 11

Fig. 7: Beam BI/3: vVariation of Stir-
rup Strains under max. Load
F = 370 kN

and 8). In addition, it can be seen that
stirrups with small initial strains af-
ter the first few cycles have a larger
increase than stirrups with already

high stresses. This is due to the de-
velopment of the final crack pattern and
a rearrangement of the internal forces.

AEmex (107 8Emac) 0] AZg
15 /1{ Agkg
101 10
Q.51 Las
B f1o Ep oo 4,

- Ae
154 s °°
104 rlo
os os
Megs. Pos,
WES b, = 00mm WEB by« 150r,/ " MaLAE
ﬂ% 1234535678910

.

20 1248 17 16 18 44 13 12 1t ‘

Fig. 8: Beam BI/3: Variation of Stirrup
Strains under Load Range
AF = 340 kN
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4. TRUSS MODEL

Beams under high shear forces can be decomposed into their functional elements.
For a static analysis under service load conditions a truss model is used with
the upper and lower stringers as chords, the stirrups as ties and the concrete
as diagonal compression field inclined at angle o (Fig. 9, [3]).

v

X Do~
sina
. dy- cof & % 1
y 1 | Z M+ Zevecota
-

- | ] L do 2

)
mi v 4’é///v d Duw Z =—£—+Lv-co:|;0e
/D( / 11 2 u do 2
" & b (e g o Yt
: o\ s = a
M+V-d, ' cot ox [e]
Zs -D v 1

g_ = = =
c b *d ecoso b *d sindt*cosd
w o w ©

Fig. 9: Truss Model for Bending and Shear

5. DISCUSSION OF RESULTS

For the discussion of the test results the following assumptions are made to cal-
culate the stirrup stresses. Using the experimentally observed inclination of

the cracks in the undisturbed section, not directly influenced by the locad nor
the reactions, as angle o (Fig. 2, o = 33°) for an uniaxial web compression field,
the stirrups are determined from equilibrium consideration. They constitute an
upper limit because of the assumption of zero tensile strength for the concrete.

The measured strains under maximum load, which are average values over the gauge
length, and hence somewhat smaller than the maximum strains in the cracks, in-
crease during cycling, whereas the strain differences under AF do not reach the
level of the measured maximum Ae over 100 mm gauge length (Figs. 7 and 8). An
analogous consideration can be made for the strains and stresses in the longi-
tudinal reinforcement (Fig. 6).

From the measured values it can also be seen that the increase of the strains
under maximum load is higher than the increase of the differences of the strains.
These observations show that a marked scatter of the maximum and minimum strains
in the different stirrups exist. This situation is due to residual stresses
caused by blocking of the cracks, local overstresses, etc. The strain variation
Ae becomes more regular with increasing number of cycles, in particular, it does
not exceed the calculated value Ae. This strongly suggests the use of the stress
variation A as a basis for the fatigue design of the reinforcement. Such a AC-
concept is proposed for the revision of the Swiss Code SIA 162.

6. STIRRUP FAILURES

In four beams stirrups of diameter 10 mm were used while two beams had stirrups
of diameter 8 mm. A total of 76 fatigue failures were cbserved. Only two stir-
rups failed at the lower bend. These two failures at the bend occurred in both
cases after two or more stirrups, crossed by the same crack, had previously
failed. No failure of longitudinal reinforcement occurred.

From the first failure until loss of serviceability occurred, a considerable num-
ber of cycles elapsed. The above discussed specimen BI/3 for example was loaded
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up to 5.75 Mio cycles with a stirrup failure in one leg occurring at 2.45 Mio
cycles.

In Fig. 10 a summary of stirrup failures is given. The observed AC in the stir-
rups is plotted against the number of cycles to failure. In many cases the fail-
ure of one leg of a stirrup induced the failure of the other leg at the same
position in the crack after a few more cycles due to a considerable increase of
stress.

AG’A [N/mm] M Stirrup failure
{J Stirrup initially loaded obove yield
500 +
® Unbroken stirrups (runouts)
| AG = Eg - A€ o (mecsured)
400 1
a
300+
# g |
200 + By ”
L
163 | —_— 1 —g—%e
| %
..
1004- Mean AG of unbroken -
stirrups at 5.75 Mio Cycles
1
, A = ) = . { %W9§>
10* 510* 10° s10° 0%  24510°57510° 107
Fig. 10: AC-N Diagram for Stirrups, diameter 10 mm

7. CONCLUSIONS

The results of fatigue tests of six beams under bending and shear showed a big
scatter in the stresses of the stirrups and the longitudinal reinforcement. Dur-
ing cycling increases were observed, in a few cases even producing yielding of
stirrups. The analysis showed that the stress amplitude can be determined more
reliably than the maximum and minimum values. Hence, it follows that a fatigue
design concept should be based on the stress range considering a mean Ao calcul-
ated from a fully developed truss model.
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Fatigue Behaviour of Reinforced Concrete Beams under Shear Force
Comportement 3 la fatigue de poutres en béton armé sollicitées par un effort tranchant

Ermidungsverhalten von Stahlbetonbalken unter Ermidungsbeanspruchung

HAJIME OKAMURA TAMON UEDA
Associate Professor Graduate Student
University of Tokyo University of Tokyo
Tokyo, Japan Tokyo, Japan
SUMMARY

This report summarises a series of investigations on the shear behaviour of reinforced concrete beams
under static and repeated loading. Procedures are given for calculating the average strain of stirrups in
a beam under varied loading with variable maximum and minimum shear levels. The assumptions on
which these procedures are based and the fatigue life of beams, with or without stirrups, are also pre-
sented.

RESUME
Ce rapport énumere une série de recherches sur le comportement a I'effort tranchant des poutres en

béton armé soumises & des charges statiques et répétées. On donne des procédés pour calculer la défor-
mation relative moyenne des étriers dans une poutre soumise a une charge variable oscillant entre les
niveaux d'effort tranchant maximum et minimum. Les hypothéses sur lesquelles sont basées ces pro-
cédés et la durée de vie des poutres, avec ou sans étriers, sont également présenteées.

ZUSAMMENFASSUNG

Der Beitrag beschreibt zusammenfassend eine Reihe Untersuchungen tber das Schubverhalten von
Stahlbetonbalken unter statischer und wiederholter Belastung. Das Vorgehen fiir die Berechnung der
mittleren Biigeldehnungen in Stahlbetontragern unter variabler maximaler und minimaler Schubbe-
anspruchung wird beschrieben. Die Annahmen, auf welche sich die Berechnungsmethoden abstitzen,
sowie die Lebensdauer von Schubtrdgern mit und ohne Biigelbewehrung werden besprochen.
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1. INTRODUCTION

Recent shear design tends to request less web reinforcement tham in the previous
codes. This tendency demands the further study on fatigue. Concerning the
fatigue behavior of beams with stirrups it was pointed out that (1) stirrup
strains increased during fatigue loading [1]112]1[3], (2) fatigue fracture of
stirrup was found [2][4][5] and (3) fatigue strength of stirrup was smaller than
that of bar itself [2][5].

However no report, which deals with the phenomena systematically and rationally,
is available. In order to get the fundamental knowledge of fatigue behavior, a
series of research works have been carried out. This paper presents the summary
of these investigations and the details are found in the oridinal papers

[611711(8].

2. BEHAVIOR OF BEAMS WITH STIRRUPS UNDER FATIGUE LOADING

The general shear behavior of beams with stirrups under fatigue loading can be
summarized as follows [61([7].

(1) Under the effect of repeated loading the inclined cracks increase gradually
in width and extend upward or downward, but new diagonal cracks are seldom
formed. With increase of the inclined cracks in width and in length, strains of
stirrups intersected by the cracks increase. The rate of increase is not always
the same among the stirrups, but the total strain or the average strain in a
beam continues to increase at an almost constant rate against the logarithms of
loading cycles.

(2) When the applied maximum shear level is lower than the shear capacity of
concrete, average strain of stirrups hardly increases during the early stage of
loading, and it begins to increase noticeably after some cycles of loading when
two or three inclined cracks appear.

(3) Due to repeated loading fracture of stirrup generally occurs. The first
fractured stirrup is msually the one that has developed the highest strain in
the beam. When fracture of ome leg occurs, the strain of another leg or the leg
of the adjacent stirrup increases exceedingly, and the next fracture usually
occurs in either of the legs after some thousand cycles. The beam will fail if
it becomes unable to sustain the applied maximum shear force with the remaining
legs.

(4) Fracturing of longitudinal bar is sometimes found. The fracture usually
occurs just beside the first fractured stirrup.

3. FATIGUE STRENGTH OF BEAMS WITHOUT WEB REINFORCEMENT

Knowledge of fatigue strength of beams without web reinforcement is significant
for investigating how stirrup strains increase under fatigue loading and when
stirrup strains begin to increase in the cace that the applied maximum shear
level is lower than the shear capacity of concrete.

The experimental researches on fatigue strength of Tbeams without web
reinforcement had made clear the followings:

(1) Fatigue strength at 10¢ cycles is about 60% of the static stremgth [9][10]
[13]1[14].
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(2) SN curve of a beam with larger span—depth ratio is different from that with
smaller span—depth ratio [14].

(3) Fatigue fracture of longitudinal bar tends to occur at the crossing point of
diagonal crack when the span—depth ratio is small [13]1[14].

{4) The beam, which should fail in flexure under static loading, sometimes fails
in shear under fatigue loading [10].

However, the influence of loading range on the fatigue strength and the size
effect had not yet been cleared. There had not been any S-N curves which
include these factors.

Therefore, fatigue tests of beams were carried out under the condition in which
the loading range and effective depth were changed. As a result, the influence
of the loading range was clarified and an equation of the fatigue strength of
beam was introduced for larger span—-depth ratio [8].

log(Vmax/Vu) = -0.036 (1-r|x] )logNf (1)

Vu calculared static shear strength of beam without web reinforcement [15]
Vmax applied maximum shear level

Vmin applied minimum shear level

T Vmin/Vmax

Nf failure life of a beam

The calculated values of Eq.(1) fit well the authors' and the previous tested
values [9]1-[14] as shown in Fig.l.

L& I Confidence limit (95%) ™
T T T T T T T T o A :—‘—__: _______ o
b LI . A .. % '
N O TP IR PR S I
§ L0k . ._,_-g_._,g_i 2
°
N I ° We 0%,
B e s i i o Q. ___._____9 _____________ @ ——————
2 @
5 08+ ¢
E
-
L ® Chang & Kesler (9] [10] = Higai [13]
0.6 A Taylor 1] ¢ TFarghaly [14]
- v Stelson & Cernica [12] O Authors
0 T 1 | 1 I 1 | ! 1 1 1 L | 1 1
0 1 2 3 4 5 6 7
logN,

Fig.1 Ratio of Tested Value of (Vmax/Vu) to Calculated One by Eq.(1)
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4. STRAIN OF STIRRUP UNDER REPEATED LOADING WITH CONSTANT MAXIMUM AND MINIMUM
SHEAR LEVELS

4.1 Strain of Stirrup at the Maximum Shear Level

Although behavior of each stirrup under fatigue loading is fairly complicated,
average strains apparently increase approximately in proportion to the logarithm
of loading cycles as shown in Fig.2. And the rate of increase is not dependent
on the strain at the first cycle, but is almost the same in spite of differences
in the applied maximum shear level. This seems strange but can be explained by
the following idea.

Since it may be reasonably considered from Reference [16] that the total shear
force is carried by Vs and V¢, where Vs is shear force carried by assumed truss
with 45 degree’s diagonals and Vc is shear force carried by other means than the
assumed truss, Eq.(2) is obtained under the maximum shear level in the fatigue
test. The shear force V¢ can be obtained by extending the shear — stirrup stress
line toward the shear axis. Under fatigue loading the value of Vec is not
considered as constant but should be decreased with the increase in number of
loading cycles. When the decrease of Vc is assumed to be the same as that of

Gauge VoeoVmex

' 550 220 550 ' () e M
i j ' ' / %- 7
/ LLuu_LL <
800 =
1740 m
600 800-  y,.—89KN
| Veo=97KN A
A

AVERAGE STRAIN OF STIRRUPS &Ewmar X10-*
AVERAGE. STRAIN OF STIRRUPS g, pa X10°°

400 400+
Vmar=110KN
& L —

Veo=94KN - Vaa—86KN
=106KN

0 1 1 1 0 L A

4 6 o t o ¥ 4 6

0 2 . log Nc lOg Nc
log N log N
Fig.2 Average Strain of Stirrups Fig.3 Average Strain of Stirrups

(Vmax)Veo) (Vmax<{Vco)
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fatigue strength of beam without web reinforcement, Eq.(3) is obtained. When
the maximum shear level Vmax is constant, the value of Vs should increase with
decrease in the value of Vc as indicated in Eq.(2). Eq.(2) is, however, for the
part of a beam where the influence of the support or loadng point is mnegligibly
small. For the part where this influence does exist, the shear force Vs is
lightened by multiplying coefficient Bx{(<1) [16]. Finally, the strain of the
stirrup at the maximum shear 1level is expressed by Eq.(4). The values
calculated by Eq.{(4) are also shown in Fig.2.

Vs = Vmax — Ve (2)
~0.036(1-r |r|)logN
Ve = Veo 10 (3)
-0.036(1-x|r|)1logN
ewmax = Bx{Vmax-Vco 10 }/(Aw Ew z/s) (4)
Veco Ve at the initial loading
N cycles of loading
gwmax strain in stirrup at the applied maximum shear level
Bx coefficient covering the influence of support or loading point [16]
Aw cross sectional area of stirrups within distance s
Ew Young'’s modulus of stirrup
z arm length of truss
s spacing of stirrups

When the applied maximum shear level is 1lower than the shear capacity of
concrete, the increase in strains of stirrups is very small until a c¢ertain
number of loading cycles. The idea on which Eq.(4) is based can be extended to
estimate not only the number of cycles when stirrup strains begin to increase
but also the increase of the strains thereafter.

logNe = — log(Vmax/Veco) / {0.036(1-r|x|)} (5)
Ne loading cycles when average strain of stirrups begins to increase
After the loading cycles exceed the value of Nc, the stirrup strain at the
applied maximum shear level can be calculated by Eq.(4), substituting for N the
total loading cycles from the start of fatigue loading. The calculated values

compared with experimental ones are shown in Fig.3.

4.2 Strain of Stirrup at the Applied Minimum Shear Level or Strain Range

Fig.4 shows the relationship between average strain of stirrups and applied
shear force. The relation is considered as a straight line, and the inclination
becomes larger with increase in number of cycles of fatigue loading, so that the
strain range becomes larger. And a significant increase of the residual strain
is observed.

The observed relationship can be explained if it is assumed that the curve is
on the line between the point representing the strain at the applied maximum
shear level and the specific point (-Vco, 0} as shown in Fig.4. Then, the
strain range is calculated by Eq.(6).

ewr = {(Vmax-Vmin)/(Vmax+Vco)} ewmax (6)

EWT strain range in stirrup
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Fig.4 Observed and Assumed Relationships between Average
Strain of Stirrups and Applied Shear Force

S. STRAIN OF STIRRUP UNDER FATIGUE LOADING WITH VARIED LOADING RANGE

Since actual structures are not subjected to fatigue loading with constant 1load
range but generally subjected to varied loadings, it is necessary to know the
behavior in this case.

General fatigue loading can be devided to some sets of repeated 1loading with
constant maximom and minimum shear levels, and each set is named the first
repeated loading, the second and so on according to the sequence of 1loading.
The stirrup strain after subjected to the first repeated loading can be
calculated as in Section 4. The strain during the second repeated 1loading can
be calculated if the loading history of the first 1loading is expressed as
equivalent cycles of loading whose maximum and minimum shear levels are equal to
those of the second one. All the changes of stirrup strain under 1loading with
varied loading range thus can be calculated by the same way.

In order to calculate the equivalent cycles, the following assumption is made.
If stirrup strains produced by the shear force applied are same in beams
subjected to different loading history, the changes of the strains during
subsequent loading are essentially same in spite of the difference of the
previous loading history. In other words, the behavior of a stirrup after
subjected to a certain loading, static or fatigue or sustained loading, is oaly
dependent on the strain corresponding to the shear force applied. Consequently
any loading history can be substituted by an equivalent fatigue loading with the
constant maximum and minimum shear levels as shown in Fig.5, and the stirrup
strain can be calculated.

After a stirrup strain is subjected to Na cycles of the second repeated loading,
stirrup strain at Vmaxe can be calculatd by using Eq.(4), substituting Neq+Na
for N (See Fig.5). Therefore the strains hardly increase if the figures of Nz
are smaller than that of Neq (See Fig.6(a)). When the applied maximum shear
level of the second repeated loading is above the point A in Fig.5, there is no
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influence of the previous fatigue loading and hence Eq.(4) can be used without
any modification for calculating the strain of stirrup (See Fig.6(b)).
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Fig.5 Assumption of an Equivalent Fatigue Loading (Neq is equivalent
loading cycles with constant maximum and minimum shear levels.)
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Fig.6 Average Strain of Stirrups after the First Repeated Loading
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6. DESIGN CONSIDERATIONS

The fatigue fracture of stirrup occurrs not only at lower bent portion where
stirrup is bent around longitudinal bars but also at middle straight portion and
upper hook portion. The portion of fracture is gemerally along the main
diagonal crack making the beam to fail., The fatigue strength of stirrup is mnot
cleared at present but supposed to lie between the fatigue strength of the
straight bar and that of the bent bar, which is about 50% of the fatigue
strength of the straight bar [21[141[17]. It is suggested that the fatigue life
of a beam failing in shear due to stirrup fracture has the mutual correlation
with the fatigue strength of stirrup [7].
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Fatigue Properties of Concrete Members Subjected to Torsion
Propriétés de fatigue des éléments en béton soumis a la torsion

Ermidungseigenschaften von Betonbauteilen unter Torsionsbeanspruchung
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SUMMARY

Experimental investigation was undertaken to study fatigue properties of concrete members under
pure torsion. The experiments included 148 tests consisting of plain, reinforced, prestressed and steel
fibre reinforced concrete beam specimens. From results of the fatigue tests, S-N lines were obtained
by statistical procedures. Fatigue strength at 10 millions cycles of loading was 53 to 56 % of the static
ultimate strength of plain and prestressed concrete, while that of reinforced and steel fibre concrete
was 38 to 53 %.

RESUME

Des recherches expérimentales ont été entreprises pour étudier les propriétés de fatigue des élements en
béton sous I'effet de la torsion pure. Les expériences comprenaient 148 essais de poutres en béton seul,
armé, précontraint et armé de fibres d’acier. Des résultats des essais de fatigue, les droites S-N ont été
obtenues & I'aide de procédés statistiques. La résistance a la fatigue aprés dix millions de cycles de
charges valait 53 & 56 % de la résistance ultime statique du béton seul et précontraint, tandis que celle
du béton armé et de fibres d’acier valait 38 a 53 %.

ZUSAMMENFASSUNG ,

Experimentelle Untersuchungen fiir das Studium der Ermiidungseigenschaften von Betonbauteilen un-
ter reiner Torsionsbeanspruchung wurden durchgefiihrt, im ganzen 148 Versuche an unbewehrten, be-
wehrten, vorgespannten und stahlfaserbewehrten Balken. Aus den Ergebnissen wurden mit Hilfe sta-
tistischer Auswerteverfahren S-N-Kurven erstellt. Fir vorgespannten sowie unbewehrten Beton betrug
die Ermiidungsfestigkeit bei 10 Mio Lastwechseln 53 bis 56 % der statischen Bruchfestigkeit, wahrend
sie fiir Stahl- und Stahlfaserbeton bei 38 bis 53 % lag.
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1. INTRODUCTION

The first research work on fatigue of plain concrete members was conducted by Van
Ornum[1] in 1903, and since then many research works concerning fatigue proper-
ties of a wide range of plain concrete, reinforced concrete, reinforcing steel,
prestressing tendon and prestressed concrete have been carried out. In recent
years, design procedures of concrete structures have been transformed into ulti-
mate strength design or 1limit state design, resulting in giving more concerns
about fatigue properties of concrete members.

Though the case rarely occurs in which repeated torsion should be considered in
designing concrete structures, it is a matter of interest for plain concrete as
one of the basic properties of concrete under repeated diagonal tension due to
torsional shear stress, and for prestressed concrete as fatigue problem under
combined shear and prestress, i.e. under combined tensile- compressive state of
stress. On the other hand, there have been many reports on deterioration due to
cracking of reinforced concrete slab decks of highway bridges in Japan, and the
cracks and their development are pointed out to be caused by repetition of moving
wheel loads characterised in highway traffic[2]. This type of progressive fail=
ure of concrete slab may be considered due to fatigue under repeated torsion and
shear.

Main objective of this study is to obtain basic data on fatigue properties of
concrete under pure torsion. Torsional fatigue tests were carried out on plain,
prestressed and reinforced concrete small specimens.

2. OUTLINE OF EXPERIMENT

The test program consisted of two series; series A on plain and prestressed con-
crete, and series B on plain, reinforced and steel fibre concrete. The mix pro-
portions of concrete are listed in Table 1. Normal Portland cement, Yasu river
sand for fine aggregate and Takatsuki crushed gravel for coarse aggregate were
used in these mixes.

Details of test specimens are shown in Fig.1. A square cross section of 15x15cm
were used for all beam specimens in this experiment. In the plain and prestress-
ed beam specimens a small amount of longitudinal reinforcement consisting of four
corner bars of 6mm in diameter was provided to prevent a sudden and violent fail-
ure. Three kind of steel ratio of 1.0, 1.5 and 2.0 percent in volume were used
in reinforced concrete beam specimens of series B.In the reinforced concrete beam
speciemns, closed stirrups of 12x12cm of deformed bar of 6mm in diameter (D6)
were arranged within a torsional span, and the arrangement of stirrups and de-
tails of longitudinal reinforcement are listed in Table 2 and also shown in Fig.1.

Table 1 mix proportions of concrete

max.size of unit content (kg/h3) &
series aggregate slump | W/C | S/a W.R.A.
(mm) (em) | (%) | (%) W C S G fibre
A normal 20 10.0 411 4 196 478 671 1003 -~ -
B normal 20 7.5 50| 43| 170 340 754 1038 -~ used
B fibre 15 7.5 50| 60| 210 420 943 653 79 used

*W.R.A.: water reducing agent

In all beam specimens, some additional stirrups were provided near the both ends
of the specimen to prevent failure at the support of a torsion arm(see Fig.1).
Strengths of steel bars used are listed in Table 3. Steel fibre concrete was
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used in beams with steel ratio of 1.5 percent. A1l specimens were stripped one
day after casting of concrete and then stored in a curing room of about 20°C and
relative humidity of 90?5 percent during about four months in series A and dur-
ing about one month in series B. And the age when fatigue test was performed
was 122 to 181 days for plain concrete in series A, 144 to 151 days for pre-
stressed concrete, 112 to 146 days for plain concrete in B series, 112 to 137
days for reinforced concrete and 152 vg o6

to 157 days for steel fibre con-

crete. E jg]%
15' 3@2301
=1

=

l
sg0]

In the prestressed concrete speci-
mens, effective prestress of 6.91
MPa was introduced one or two weeks o
before stating fatigue test and re-
introduced immediately before
testing.

240
550

plain concrete

®6 o6 ©23 bar @30 sheath
3. TESTING PROCEDURE =t F | o E o
Schematical view of the fatigue L !
test arrangement is shown in 3@4o | 0 | 3@ 120 |
Fig.2. A1l the beam specimens =120 &5 =120 50

were loaded with a hydraulic pul-
sator. Before fatigue test, static
tests were carried out. The maxi-
mum loads in the cycle were selec-
ted to 87 - 65 percent of the

prestressed concrete

&.) A series
m,

ultimate load for most of beams, gé
but to 85 - 59 percent for plain hiial
concrete beams of series A, and to -
75 - 55 percent for steel fibre ~25-120——240——+120-25- |}-120-
concrete beams of series B. The 530 —150—
minimum load in the cycle was kept plain concrete
at 9.81kN which gave the torque of D6
490Nm. | SRR ér
P [Te]
Table 2 details of reinforcement ASNIET
p | A® p (%) ] s(em)  —F1z0-——2a—T1a0-3- [F120
1.0 | 1.12(8D6) 1.13 | 6.0 reinforced concrete(p=1.0%)
1.5} 1.83(4D10,406)} 1.50 | 4.5 D671 [D10
2.0 ] 2.54(8D10) 2.25 | 3.0 v 'Té
b 4 gm
p,sP,:longitudinal and lateral ST
steel ratio respectively _ : T
s: spacing of stirrup ‘?9'13-0 §'§o ygﬂm ._"leggi
reinforced and steel fibre concrete(p=1 .5%)

Table 3 strength of ne
reinforcing bar gL
yield |ultimate G os
strength [strength = v —-liL
o6 | - - | 488 TR aT 53(,‘ 1253¢ [-}&8
D6 347 534 reinforced concrete(p=2.0%)
D10 373 548 (8) B series s
unit: MPa MRy

Fia.1 test specimen
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The cyclic load was of a constant am-

plitude sinusoidal wave and its fre- load
quency was 7.5Hz for plain and pre-

stressed concrete beams and 5.0Hz for teflon l
reinforced and steel fibre concrete sheet

beams. The maximum and minimum loads
were controlled and verified periodi-
cally by observing the output on a
syncroscope of the load cell attached
to the test arrangement(see Fig.2).

4. TEST RESULTS AND DISCUSSIONS ‘Lm lﬂm

torsion arm

4.1 Static Strengths specimen
Strength and elastic moduli of con-

crete are summarized in Table 4.

Results of the static torsional tests 1oad cell
are listed in Table 5. In series A

the difference in tensile strength BEE

between two ages, by which the ulti-
mate torque of the plain concrete

was directly affected, was small, Fig.2 test arrangement

gg:qﬁgeag]gagagge of Table 4 strengths and elastic moduli of concrete B
180 days increased by P X
more than ten percent series An:$;;$s norga?er}?gre
compared with that at - =
the age of 121 days. age (day)] 118 182 87 89

Such an increase in r
compressive strength f., (MPa)|44.4 48.3 | 45.7 46.9
the ultimate torque — yoncite strength ftu . (MPa)[3.40 3.45 | 3.45 4.82

may be considered due
to difference in modulus of rupture fby (MPa){5.34 6.35 ] 5.14 8.65

: Young's modulus Ec (GPa)}36.3 36.2 | 30.3 29.4
?glﬁggrﬁhggnggngges Poisson's ratio 0.214 0.204| 0.188 0.195
at testing. The test shear modulus Gc (GPa)]14.9 15.0 § 12.7 12.3
at the age of 121
days was performed two Table 5 torsional strength by static tests
days after the i n
wgie iake: out :g§;1mens serjes|ultimate (gge)l series{ crackingfultimate| 39€
curing room, while the torque {\78Y} & p(%)| torque | t°rqq?_(43¥)
gest at the agedof 180 plain concrete reinforced concrete

S
a${er”§ﬁe°ggg;$meﬁg A} 3190 [121 |B,1.0] 3600 | 5720 | 89
were fully dried in the A 3520 |180 | B,1.5 3840 7000 90
testing room, and hence B 2840 87 }8,2.0 4090 9340 91
the ultimate strength prestressed concrete | steel fibre concrete
at the age of 121 days :
seemed to decrease by A { 6730 1155 }B,1.5 | 4170 | 9910 | 92
the effect of drying unit:Nm

shrinkage. The maximum
load ratio in the fatigue test of plain concrete in series A, therefore, were de-
termined on the basis of the value at the age of 180 days.

Table 6 shows the theoretical values of the static ultimate torque.
The values obtained from Hsu's equation [3], non-linear analysis [4] and Equa-
tion (1) gave good estimations for the ultimate strength of plain concrete.
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Table 6 theoretical strengths (unit: Nm)

Hsu[3] Kojima{4] Eq(1)
plain (A series) | 3430* 3610*  3390*
concrete (B series) 3370 3320 3050
prestressed concrete| 5940 6255 5870
reinforced concrete |cracking ultimate
Hsu[3] | Lampart[5] Hsu[3]
p=1.0% 3670 4510 4420
p=1.5% 3820 6430 5850
p=2.0% 4020 9410 7540

* : the values were calculated from the strength at 182days.

Equation (1) was derived as the approximate equation from the results of
the non-linear analysis [4], that is

Tup = Te + %{fbu/ftu—l)(5~fbu/ftu)(Tp‘Te) (1)

where Te1/(3+1.8b/h)-b2h fyy, and Tp=1/2-(1-b/3h)b2h fy, . b and h are shorter
and longer sides of rectangular section respectively. fty and fpy are tensile
and modulus of rupture of concrete respectively.

The theoretical values of the ultimate torque of prestressed concrete were ob-
tained as those of plain concrete increased by the factor /1+fp/ftu due to pre-
stress, where f, was effective prestress, and they were slightly less than the
measurement.

The cracking strengths of reinforced concrete beams increased with steel ratio,
and Hsu's equation [3] gave good estimations. As to the ultimate torque of re-
inforced concrete, the theoretical values by Lampart [5] were agreed with the
test results in the range of high steel ratio, but the values by Hsu [3] were
about 20 percent lower than the test results. The ultimate strength of steel
fibre concrete beam increased by 42 percent compared with that of reinforced
concrete beam having the same steel ratio of 1.5 percent.

4.2 Fatigue Properties

In the fatigue tests five specimens for each maximum load ratio were tested for
plain concrete in series A, three specimens for prestressed concrete, and six
specimens for all beams in series B. Relations between fatigue life and maximum
load ratio are shown in Fig.4. An average fatigue life for each maximum 1oad
ratio was determined by the statistical procedure as used in analysis of fatigue
data of concrete under compression [6]. The relation between probability of
survival obtained from fatigue test for the same maximum load and the cycles at
fatigue failure indicated an almost linear line when it was plotted on a loga-
rithmic normal probability paper as shown in Fig.3 which is an example of the
reinforced concrete with steel ratio of 2.0 percent. And in this study the
average fatigue 1ife for each maximum load was determined as ‘the cycles at fifty
percent probability of survival given by the regression 1ine obtained from the
method of least square. These values are listed in Table 7. 1In this study S-N
curve was assumed to be Tinear and was determined as a regression line by the
method of least square using the value in Table 7. Equations of S-N 1ines and
fatigue strength at two million and ten million cycles of loading obtained by
the S-N lines are summarized in Table 8, and S-N lines are also shown in Fig.4.

Fatigue strength of plain concrete at ten million cycles was 56,2 percent in



B

428 CONCRETE MEMBERS SUBJECTED TO TORSION
9
ol ® 85%
& 95 e 75%
- 90 : ® 651
£ e Tl \
5 70 Y u
2 T '
T 40 \
: a0 \.,{ ._1 \q &
n 2 NS N ‘\}{Q?
2 10 HINS '%§‘ Keog,.
1 s NG, D s,
] % ’.)
: | " |0l
B 1 | s | L4 “

102 10° 104 105 108 107

Cycles to failure N
Fig.3 an example of relations between probability of survival and
cycles to failure (reinforced concrete:p=2.0%)
Table 7 average fatigue life

s n s n s n 3 n
plain (A series) |[85% 9200 |77% 119100 | 68% 565700 | 59% 4627900
concrete (B series) |85 72700 |75 - - | 65 1944800

prestressed concrete | 85 900 |75 34200 |65 211000
. p=1.0% | 85 676 | 75 881 | 65 25600
rg;:gg;g:d p=1.6% |85 1210 |75 1210 |65 364000
p=2.0% i 85 293 |75 2570 | 65 142800

steel fibre concrete 75 2070 | 65 8180 { 55 407100

s:maximum load ratio, n:average fatigue Tife(probahility of survival:50%)
Table 8 S-N 1ine and fatigue strength

g . fatigue strength at
S-N Tine 2x106 cycles 10/ cycles
plain (A series) S = -9.81 logN + 125 63.0% 56.2%
concrete (B series) S = -13.7 TogN + 153 65.8 56.1
prestressed concrete | S = -8.07 lTogN + 110 58.8 53.1
. p=1.0%2 | S = -10.2 TogN + 110 45.4 38.2
relnforced =157 | S = -7.78 Togh + 108 |  58.5 53.1
p=2.0% [ S = -7.23 logN + 102 56.0 51.0
steel fibre concrete | S = -8.10 logN + 99.7 48.6 43.0

series A and 56.1 percent in series B, and it was almost same in spite of dif-
ference in mix. That of prestressed concrete was 53.1 percent. It is said that
fatigue strength of concrete at ten million cycles is about 55 percent in com-
pression and flexure [7],[8]. It suggests that fatigue strength of concrete
under torsional shear stress is not much different from that under compressive or
tensile stress.

In reinforced concrete, the static strength under torsion is determined by yield-
ing of reinforcing steel in the range of under-reinforcement. In this experiment,
the beams of p=1.0 and 1.5percent were under reinforced and the beam of 2.0 per-
cent was slightly over-reinforced and therefore the fatigue strength of under-
reinforced beam under torsion may be affected by fatigue properties of steel bars.
By visual observation of the failed specimens, however, steel bars which failed
due to fatigue could not be found at all in the beams the maximum load ratio of
which was relatively low. It is indicates that the mechanism of fatigue failure
of reinforced concrete under torsion should be considered for two cases; one for
failure at low cycles by higher maximum load ratio and one for failure at high
cycles by lower maximum load ratio. In the former case failure mechanism is
similar to that in static failure, but in the latter one the beam usually passes
through from uncracked state and gradually to cracked state up to failure. In the
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uncracked state almost no stress occurs in reinforcing steel, while, once cracks
occur, torsional shear stress is re-distributed gradually to the bars and tor-
sional stiffness is reduced at the same time. In addition, in concrete near the
reinforcing steel across the diagonal cracks, dowel force will act. Therefore
failure of reinforced concrete might be caused by fatigue failure of concrete due
to dowel force of the reinforcing steel.

Fatigue strength of the reinforced concrete beam of p=1.0 percent was somewhat
lower than that of the other beams, probably because that its smaller after-
cracking-torsional stiffness accelerated failure of concrete due to dowel force.

Fatigue strength of steel fibre concrete was ten percent lower at ten million
cycles compared with that of reinforced concrete with the same reinforcement
ratio. The effect of steel fibre concrete on fatigue resistance was smaller than
that on the static strength, but when the maximum load ratio is calculated on the
basis of the static strength of reinforced concrete beam (p=1.5 percent), its
fatigue strength becomes 60.9 percent at ten million cycles, and as the effect of
fibre concrete on fatigue resistance may be noticeable.

5.CONCLUSIONS

From the experimental investigation of fatigue of concrete members under pure
torsion, the following conclusions may be drawn.

(1) Fatigue properties of plain and prestressed concrete under torsion were
almost same as those of concrete under compression or flexure, and fatigue
strength was 53 to 56 percent of the static strength at ten million cycles of
loading.

(2) Fatigue failure of reinforced concrete did not occur due to failure of rein-
forcing steel but did due to failure of concrete near diagonal crack, though the
static strength was determined by yielding of the bars.

(3) Fatigue strength of reinforced concrete decreased when steel ratio was low.
The effect of torsional stiffness after cracking may be responsible for this
fact, but additional research is still needed.

(4) Fatigue strength of steel fibre concrete was lower than that of reinforced
concrete, but when compared with the basis of the static strength of reinforced
concrete with the same reinforcement, the effect of fibre concrete was notice-
able.
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Fatigue of Partially Prestressed Concrete Beams
Fatigue de poutres en béton partiellement précontraint

Ermudung teilweise vorgespannter Betonbalken

R.F. WARNER
Professor

University of Adelaide
Adelaide, Australia

SUMMARY

Constant cycle and cumulative damage fatigue tests were carried out on 5 mm dia crimped prestressing
wire and 12.5 mm dia prestressing strand. The fatigue data from both test series, as well as from pre-
vious strand tests, correlate well when the stress range, defined as the maximum stress level minus the
fatigue limit, is used as the main stress variable. Progressive inetastic changes in concrete beam behav-
iour under fatigue loading are discussed. |t is suggested that fatigue life calcuiations need to be based
on a stress analysis for the mid-life phase of behaviour rather than for the early load cycles.

RESUME

Des essais de fatigue sous cycle constant et de dommage cumulatif furent réalisés sur des fils de pré-
contrainte profilés de 5 mm de diamétre ainsi que sur des torons de 12.5 mm de diamétre. La corréla-
tion des deux séries d’essais ainsi que d’essais antérieurs est bonne lorsque 1'on utilise comme variable
la différence de contraintes, égale 3 la contrainte maximum moins la contrainte limite de fatigue. Des
remarques sont faites concernant des modifications inélastiques progressives du comportement de
poutres en béton soumises a des charges de fatigue. Il est proposé de baser fes calculs de durée de vie de
fatigue sur une analyse des contraintes correspondant a la demi-période de vie plutdt qu’aux premiers
cycles de charge.

ZUSAMMENFASSUNG

An profilierten Vorspanndrahten mit Durchmesser 5 mm und an Vorspannlitzen mit Durchmesser

12.5 mm wurden Einstufen- und Mehrstufen-Versuche mit Schadenakkumulation durchgefiihrt. Die Er-
midungsergebnisse der beiden Versuchsserien sowie auch fritherer Versuche an Litzen stimmen gut
{iverein, wenn als Hauptvariable die Differenz der Maximalspannung zur Ermiidungsgrenzspannung be-
niitzt wird. Progressive, nicht elastische Veranderungen des Verhaltens von Betonbalken unter Ermii-
dungsbelastung werden diskutiert. Es wird vorgeschlagen, fiir Lebensdauerberechnungen eher eine
Spannungsanalyse nach halb durchlaufener Lebensdauer zu beniitzen als nach den ersten Lastwechsein.
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1. INTRODUCTION

Previous studies have shown clearly that fatigue in prestressed concrete beams
is not a practical design problem provided the prestressing force is large
enough to prevent opening and closing of flexural cracks[1]. Fully prestressed
concrete is by definition uncracked at full design load and is one of the most
suitable materials available for the construction of members subject to fatigue
loading. However, partial prestressing is often preferred to full prestressing
for reasons of economy and improved deflection control. Partially prestressed
concrete members may undergo significant cracking at design load, and fatigue
resistance is therefore a relevant design consideration when such members are
called on to resist large numbers of repeated loads.

Fatigue failure of a normal, under-reinforced concrete flexural member, with or
without prestress, occurs by fatigue in the tensile steel rather than in the
compressive concrete[l]. Two distinct forms of information are therefore
needed for the evaluation of the fatigue 1ife of a partially prestressed con-
crete member:

- firstly, data (usually experimental) on the fatigue resistance of the rein-
forcing steel and prestressing tendon are required;

- secondly, a stress analysis procedure is required which transforms the cyclic
load history of the member into cyclic stress histories for the reinforcing
steel and prestressing steel in critical sections.

Both the reinforcing steel and the prestressing steel are in a state of near
uniform tension in a flexural member, so that the required fatigue properties
can be obtained from simple tests of bars and tendons subjected to cycles of
uniaxial tensile stress. Results of a program of fatigue tests on two types of
prestressing steel are briefly discussed below.

The analysis of stress in a cracked, partially prestressed concrete member under
long term and repeated load is complicated by various inelastic and non-linear
effects which, even in the case of a section subjected to constant cycles of
moment, produce a complex history of progressively changing stress cycles. The
main factors contributing to progressive changes in beam response are discussed
in Section 3 of this paper.

2, FATIGUE PROPERTIES OF PRESTRESSING STEEL

Constant cycle and cumulative damage tests were carried out on 5 mm dia
crimped prestressing wires and 12.5 mm dia 7-wire prestressing strand. All
tests were of naked specimens of 900 mm Tength.

A special end gripping arrangement was used, whereby the ends of the specimen
are bound with a fibreglass bandage covered with fresh araldite paste. A snug
fitting aluminium tube is slipped over the bandage before the araldite sets.
This grip, which deforms considerably when clamped in the jaws of the test
machine, provides a simple, cheap and effective means of applying force to the
ends of the specimen without causing fatigue failure there.
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Constant Cycle Tests

Constant cycle tests were carried out on both wire and strand at minimum stress
levels of 40 and 60 per cent of the static ultimate stress. Various maximum
stress levels were used to study the relation between stress level and number of
cycles to failure. For evaluation of the test results, the stress increment R
was defined as follows:

R = SMAX - SLIM (1)

where SMAX is the maximum stress in the cycle, and SLIM is the fatigue limit
corresponding to the minimum stress level SMIN in the cycle. The stress incre-
ment was found to be superior to the commonly used stress range, SMAX-SMIN, in
correlating the constant cycle results.

An unexpected feature of the test results was the good correlation between the
wire data and the strand data, when R is related to fatigue life N. The corre-
lation appears to extend to data from other test programs. In the scatter dia-
gram in Fig 1, R is plotted against the logarithm of N.  About 100 data points
for the current wire and strand tests are shown together with those from an
extensive series of tests on 7/16 inch (1lmm) dia prestressing strands which
were carried out at Lehigh University [2]. The three sets of data display a
common trend in this diagram and the relation between R and LOGN is well repre-
sented by the curve in Fig 1 which has the following equation:

1.169 ;
LOGN = —————  + 5,227 -~ 0.031*R (2)
R

The scatter around the mean line in Fig 1 is significant, as is to be expected
for fatigue behaviour, and suggests that probability should be included in the
representation of the test data. Although the scatter in the Lehigh data is
somewhat larger than that in the present tests, this may well indicate differ-
ences in test procedures rather than inherent differences in material properties.

One reason why the stress increment R provides a better basis for data corre-
lation than the stress range is because it treats the fatigue limit as an open,
variable property of the material. Variations in the fatigue notch effect from
material to material are thus allowed for indirectly in Eq 2 by possible varia-
tions in SLIM. An estimate of the fatigue 1imit SLIM is required before Eq 1
can be used to calculate mean fatigue life. Values of SLIM for the wire and
strand tests and also for the Lehigh tests are summarised in Table 1.

Ambient temperature was found to be a secondary but nevertheless significant
factor affecting observed fatigue 1ife in both the wire and the strand tests.

Cumulative Damage Tests

The cumulative damage tests were designed to provide information on the
following:

-the applicability of the linear damage hypothesis to mixed stress cycles in
which the maximum stress level varies;

-the applicability of the linear damage hypothesis to progressively varying
stress cycles in which the minimum stress level decreases with time; and

~-the effect of mixing small ‘non-damaging' cycles with larger damaging cycles.
The cumulative damage tests are not due for completion until 1982, but the
results so far obtained are not seriously in conflict with the linear hypothesis.
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Table 1 Fatigue Limit for Test Data

Test Minimum. Fatigue
Stress Level Limit
% %
Wire: Adelaide 40 53
Strand: Adelaide 40 53
Strand: Lehigh 40 56.5
Wire: Adelaide 60 73
Strand: Adelaide 60 73
Strand: Lehigh 60 73

3. PROGRESSIVE CHANGES IN BEAM BEHAVIOUR DURING FATIGUE LOADING

The fatigue life of a partially prestressed member can be estimated from the
fatigue properties of the component materials if an analytic method is available
for determining the stress cycle histories from the known or assumed load cycle
history. Such methods are usually based on the assumption of time-independent
and cycle-independent structural behaviour[3]. Various inelastic effects are
thereby ignored on the grounds that their influence is secondary.

However, laboratory tests have shown that overall deflection, as well as local
deformations in high moment regions, may increase substantially in a beam which
js subjected to fatigue Toading. In Figs 2 and 3, progressive increases in
deflection and concrete deformation at the steel level are plotted against
number of load cycles. The data, which come from Ref 4, appear to be typical
for a beam with a fatigue 1ife in the order of a million cycles. There is a 34
per cent increase in deflection up to fatigue failure and a 44 per cent increase
in deformation.

The main inelastic effects which produce progressive changes in the behaviour of
a beam section are:

shrinkage and static creep under minimum moment conditions;

dynamic creep under cyclic moment;

permanent deformation caused by repeated cycles of moment.

Shrinkage and static creep both contribute to deferred prestress losses and
hence to a gradual decrease in the minimum stress levels in the prestressing
steel and reinforcing steel. The stresses occurring in a section during short
term moment cycles are also affected by the previous history of sustained moment.
However, the magnitude of the minimum moment also has an important effect on the
deferred losses. For example, if the minimum moment is large enough to cause
decompression of the 'tensile' fibres of the section, then creep losses will be
very smail.

Dynamic creep occurs in concrete during rapid stress cycling. Balagura[b] has
drawn attention to its effect on the fatigue behaviour of partially prestressed
members. Dynamic creep is of most significance in cases of high speed fatigue
loading, such as occurs in laboratory tests. In many practical situations,
peak fatigue loads occur infrequently and dynamic creep may then be much less
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important than in the laboratory.

Some of the main factors which contribute to permanent deformations during
moment cycling include:

- inelastic concrete strains in the compressive zone due to cyclic stressing;
- progressive cracking of the tensile zone and gradual loss of tension
stiffening;

-progressive bond breakdown near the main cracks, especially between the
concrete and the prestressing tendons.

These factors do not account completely for the permanent deformations which are
observed when moment is removed from a section [4,6]. Further possible factors
include:

-non-closure of cracks due to mis-match of adjacent crack surfaces and the
presence of concrete debris;

-inelastic fatigue softening of the steel [5].

While the combination of such effects obviously has a significant influence on
deformations and deflections, their effect on stress levels and fatigue life has
not been adequately studied. Their importance lies partly in the fact that the
fatigue 1ife of a member in the long life range (eg greater than a million
cycles) is sensitive to even very small variations in stress level. On the
other hand, long term variations in stress level may not be comparable in magni-
tude with the observed changes in deformation. For example, loss of tension
stiffening and bond breakdown result in an increase in average steel stress
throughout the high moment regions, but may not significantly change the peak
steel stress at the primary cracks. The end result of bond breakdown and loss
of tension stiffening may thus. be 1ittle significant change in the fatigue 1life
of the section of maximum moment, but an increased probability of fatigue fail-
ure in adjacent sections. This conclusion is speculative and awaits the
results of a theoretical study of inelastic effects which is at present being
undertaken. An analysis of the effect of dynamic creep on fatigue 1ife has
recently been published[5].

It is significant that inelastic effects appear to have most influence on beam
behaviour in the early load cycles. In Figs 2 and 3, the main increases in
deflection and deformation occur in the first 20 per cent of the fatigue life of
the beam. Variations in stress level presumably occur at the same time. It
therefore seems reasonable to base fatigue life calculations on an assumed con-
stant beam response (constant stress-moment relation). However, the middle
1ife phase of beam behaviour should be considered and not the initial behaviour
in the early load cycles.

4., SUMMARY AND CONCLUSIONS

Constant cycle fatigue data obtained from tests on prestressing wire and strand
correlate well when the stress increment,R=SMAX-SLIM,is plotted against number of
cycles to failure. Eq 2 fits the test data for prestressing wire and prestress-
ing strand, as well as data obtained in a previous series of strand tests. The
stress increment appears to be more appropriate than the stress range, SMAX -
SMIN, for the treatment of fatigue data for prestressing steel.

Various inelastic effects cause progressive changes in the deformations and
stresses in a partially prestressed concrete member and hence affect the fatigue
life of a member. Fatigue life calculations should not therefore be based on
an analysis of stresses in the first load cycle, but rather on stress-moment
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relations which represent stabilised beam behaviour in the middle 1ife phase
after some thousands of load cycles have taken place.
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Betriebsfestigkeitsherechnung von Spannbetonquerschnitten
Limit State Design Method for Prestressed Concrete Sections

Méthode de dimensionnement aux états limites pour les sections en béton précontraint

CH. KORNER

Dr. -Ing.

tnstitut fir Stahlbeton
Dresden, DDR

ZUSAMMENFASSUNG

Es werden die theoretischen Grundlagen eines Verfahrens zur Betriebsfestigkeitsberechnung dynamisch
beanspruchter Spannbetonguerschnitte nach den Prinzipien der Grenzzustande behandelt. Dabei wer-
den die Norm- und Rechenwerte fir die Lastgrossen, Schnittgréssen und Baustoffestigkeiten mit Hilfe
eines Systems von Normwert-Koeffizienten und Rechenfaktoren bestimmt.

SUMMARY

The paper presents the theoretical basis of the principles of a limit state design method for prestressed
concrete sections subjected to dynamic loading. This includes the means of evaluating permissible and
calculated values of loads, sectional forces and material strength from statistical coefficients and calcu-
lation factors.

RESUME

L'article présente les bases théoriques d’un procédé applicable au calcul de la résistance des sections
transversales en béton précontraint sous charges dynamiques selon les principes des états limites. On
détermine les valeurs normalisées et de calcul des charges, des efforts intérieurs et des résistances des
matériaux 4 |'aide d’un systéme de coefficients statistiques et de facteurs de calcul.
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t. EINLEITUNG

Die Abldsung der auf die Wihlerlinie gegriindeten Berechnung der
Eymiidungstragfdhigkeit durch eine Betriebsfestigkeitsberechnung
ist eine der wesentlichen Voraussetzungen sowohl fiir die effekti-~
vere Gestaltung dynamisch beanspruchter Stahlbeton- und Spannbe-
tonkonstruktionen als auch fiir die Nutzung vorhandener Tragreser-
ven /1/. Im folgenden werden die Prinzipien einer Betriebsfestig-
keitsberechnung auf der Grundlage von Beanspruchungskollektiven

sowie zugeordneter Betriebsdauerlinien vorgestellt.

2. LOSUNG DES SICHERHEITSPROBLEMS

Dem jeweiligen Stand der bautechnischen Entwicklung entsprechend
wurden in der Vergangenheit Berechnungsmethoden entwickelt, in de-
nen der Nachwels ausreichender Sicherheit auf der Basis ganz un=
terschiedlicher Sicherheitsvorstellungen gefithrt wird. In Bild 1
ist unter Bezug auf /2/ eine schematische Ubersicht iiber die ein-

zelnen Methoden sowie deren Zuordnung gegeben,

Deterministische Svotistische Verfotren
Verfbhren
! [
[ ] ] ]
Ainzipielfe Surrmia- | |Parvrelie Exireme | |fxrreme | erwederre | (Zuver/ds-
Llasurgs - rscher | |Sicter- Aess - Fiurrk - Luverias- | |sighers-
moglict - Sither el 75 - gangs- \ \fiors - sigherts- | \trearre
ket foktor fakioren werte wer7e 1reorie
ﬁL l L | I [ _ 1
Prokiische Zulossige Merhode
Berech sponnun-| [PogesT ot Groved
verfolren qern reric 2e4ssciracier?
wochsende Ubergimsiimmung it der Wirklic/ikes?
o zurehmender tworefinscher wid Reclermau!word m
Sleigende Wirfschartiichkert aer Haisiruhlion wid
2unefanende Anrcheruny on GorimIane Funkironserfiiung

Eild 1 Prinzipielle LOosungsméglichkeiten und praktische Berech=-

nungsverfahren zur Fiihrung des Sicherheitsnachweises

Die Prinzipien der Methode der extremen Ausgangswerte bilden die
theoretische Grundlage fiir die Berechnungsmethode nach Grenzzu-
stdnden, die gegenwlrtig als einheitliches und progressives Berech-
nungsverfahren zur Aufbereitung und Anwendung geeignet ist. Sie

ist als eine Stufe zur Einfiihrung der in Zukunft anwendungsfihig
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auszuarbeitenden Zuverlissigkeitskonzeption fiir die Berechnung

der Baukonstruktionen anzusehen.

Bei dynamisch beanspruchten Konstruktionen ist die Orientierung
auf die Berechnungsmethode nach Grenzzustéinden weniger zwingend
als bei statisch beanspruchten, weil auch andere Methoden bestimm-
te Vorziige aufweisen; doch muB die Entscheidung fiir das eine oder
andere Verfahren vor dem Hintergrund der sich international ab~
zeichnenden Tendenz in der Weiterentwicklung der Berechnungsver=-
fahren gesehen werden, Mit dem RGW-Standard ST RGW 1406-78 "Be-
ton- und Stahlbetonkonstruktionen; Projektierungsgrundlagen" /3/
sowie den "Internationalen Richtlinien des CEB/FIP zur Berechnung
und Ausfithrung von Betonbauwerken®" /4/ ist der Weg fiir die zukinf-
tige Entwicklung abgesteckt,

Aus den dargelegten Griinden ist es zweckméfiig, das Berechnungs-
verfahren fiir dynamisch beanspruchte Spannbetonquerschnitte auf

die Methode der Grenzzustiinde zu griinden.

3. GRUNDZUGE EINES BERECHNUNGSVERFAHRENS /5/

3.1 Form des Sicherheitsnachweises

Im betrachteten Querschnitt steht der Beanspruchung S(ui,ci) die
Tragféhiskeit R(vj,dj) gegeniiber, In dieser symbolischen Schreib-
weise bedeuten ua, die zufallsabhéngigen, c, die nicht zufallsab-
héngigen Parameter der Beanspruchung S, Analog sind Vj die zZu-
fallsabh#ingigen, dj die nicht zufallsabhiingigen Parameter der Trag-
fdhigkeit R.
Fiir dynamisch beanspruchte Spannbetonquerschnitte ist nach /1/
der Nachweis ausreichender Sicherheit gegen Eintreten des Grenz-
zustandes der Tragf#higkeit in zweifacher Hinsicht zu fiihren:
a) Flir statische bzw. quasistatische Lasteinwirkungen darf die
Beanspruchung, z, B. das Biegemoment M, die Tragf#higkeit, =z.
nicht liberschreiten

j.dj) (1)

b) Fiir dynamische Lasteinwirkungen darf die Beanspruchung MF nicht

B, das Bruchmoment MB’

s
M (extrem ui,ci) 2 Mg (extrem v

groBer sein als die Ermiidungstragfédhigkeit MB F
< y
MF(extrem ui,ci) = MB’F(extrem vj’dj) (2)

bzw. die Spannungen GF infolge dynamischer Lasteinwirkungen

miissen kleiner als die zugeordneten Ermiidungsfestigkeiten RF

sein
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<
GF(extrem ui,ci) = RF(extrem Vj’dj) (3)

Der Nachweis nach G1,. (1) fiir statische Lasteinwirkung ist, unab-
hdngig von den Nachweisen fir dynamische Lasteinwirkungen, nach

den Prinzipien der Berechnung nach Grenzzustinden zu fiihren.

Beim Nachweis der Ermiidungstragfdhigkeit stellt im Hinblick auf
den notwendigen Berechnungsvorgang bei der Fiihrung des Sicher-~
heitsnachweises die konventionelle Form nach Gl. (3) die geeigne~
te Grundlage dar., Auf der linken Gleichungsseite steht der Maxi-
malwert SF der Beanspruchungsverteilung, die aus den Verteilungen
aller zugehdrigen EinfluBgrdBen berechnet werden muB. Erst danach
kann durch Einordnung der Beanspruchungsverteilung in ein System
der Normbeanspruchungskollektive oder durch direkte Berechnung
der zugeordnete Wert der Ermiidungsfestigkeit RF in Abhidngigkeit
von der Beanspruchungsverteilung aus dem System der Betriebsdau-
erlinien festgelegt werden. SF stellt somit in Verbindung mit der
Kollektivform der Beanspruchung den Schliisselwert dar, anhand des-
sen der Vergleich zwischen Beanspruchung und Tragfdhigkeit auf

der Spannungsebene gefiihrt wird,

3.2 Bildung der Extremwerte fiir LasterdBen und Festigkeiten

Gl. (3) zum Nachweis des Grenzzustandes der Tragfdhigkeit nimmt

fir Spannbetonquerschnitt folgende allgemeine Form an
0]
SF(CrZ( ); F1J7Y) = RF(NoK) (l‘t)

6F ist eine Funktion der SchnittgrdBe C, der Vorspannkraft Z(O)
sowie der QuerschnittskenngrsBen F, J, v. Im Hinblick auf die In-
tensitidt der Streuungen sind die SchnittgrdBen C, die Ermiidungs~-
festigkeit RF sowie wegen des groBen Einflusses auf den Spannungs-
zustand eines Querschnitts auch die Vorspannkraft Z(O) als
stochastisch verdnderliche GréBen mit ihren Verteilungen in die
Rechnung einzufiihren, w#hrend die QuerschnittskenngrsBen F, J, v,
die Lastspielzahl N sowie die Form des Spannungskollektivs K in

der Regel als determinierte GrdBen betrachtet werden kdnnen
0 g

{c,z( )} ;e {F,J,y} (5)

extrem v, = Rp; d, = {N,K} (6)

Diese Festlegungen stehen in ﬁbereinstimmung mit /3/. In der

extrem ui

praktischen Berechnung treten die Extremwerte der AusgangsgrdBen
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C,Z(O), RF als Rechenwerte (r) auf. Die Sicherheitsbedingung lau~
tet dann (vgl. Bild 2) '

6. (c™),2(07); p,5) £ R k) | 7)

Zur Festlegung der Extremwerte der AusgangssgriBen (éRechenwerte)
wird mit Hilfe der statistischen Parameter der Hiufigkeitsvertei-
lung unter Beschridnkung auf den Bereich mittlerer, d, h. stati~
stisch gesicherter Wahrscheinlichkeiten fiir einen relativ klei-
nen Normwert-Kpeffizienten k (™’ zunichst ein statistisch gesi-
cherter Normwert berechnet und hieraus mittels empirischer Re-

chenfaktoren V} der Rechenwert bestimmt.

3.3 Gliederung der Rechenfaktoren

Die unterschiedlichen Unsicherheiten kdnnen nach der Art ihres
Auftretens und dem Charakter ihrer Ayswirkungen in 4 Gruppen

zusammengefaBt werden. Sie treten auf in

- den LastgrdBen
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- der Ermittlung der SchnittgrdBen und Querschnittsbeanspruchun~
gen

- den Materialfestigkeiten

~ dem Gesamtverhalten einer Konstruktion,

Fiir einen dynamisch beanspruchten Spannbetonquerschnitt sind in

Anlehnung an /2/ die wichtigsten Einfliisse symbolisch fiir die ge-

nannten Gruppen in Bild 3 zusammengestellt, Es ist gegenwirtig

nicht méglich, die einzelnen Einfliisse quantitativ zu belegen,

Zur Vereinfachung der praktischen Berechnung sind sie zu wenigen

Rechenfaktoren zusammenzufassen und an den entsprechenden Stellen

in die Berechnung einzufiihren (vgl. Abschn. 3.2).

Die fiir dynamisch beanspruchte Spannbetonquerschnitte durch Re-

chenfaktoren V} zu berilicksichtigenden Einfliisse sind in Bild 3

besonders gekennzeichnet.

Der Inhalt der Sicherheitsbedingung 1#Bt sich symbolisch in der
in Bild 2 gezeigten Form darstellen, Die Sicherheit gegen Uber-

schreiten extremer Werte
On
der Spannung SF(C(n),Z( ); VQ'Vb'Vh'V%) bzw,

der Ermiidungsfestigkeit Vi FRF(n)
?

wird durch flexible Wahrscheinlichkeiten charakterisiert, die
den Fldchen a-c-g bzw, c¢-d=f zugeordnet sind,

Die zahlenmiBige Belegung der Rechenfaktoren ist zweckmiBig auf
dem Wege vergleichender Rechnungen nach dem vorgelegten Entwurf
des Berechnungsverfahrens und einem anderen Berechnungsverfahren
fiir dynamisch beanspruchte Spannbetonquerschnitte durchzufiihren
(calibration method), Dabei werden die disponiblen Rechenfakto=-
ren so festgelegt, daB die Berechnung nach dem Entwurf des Be-
rechnungsverfahrens fiir einen mdglichst groBen, verschiedene Be-
anspruchungsverhéiltnisse und Querschnittsausbildung umfassenden,
Bereich zu den gleichen Ergebnissen'fﬁhrt wie das Vergleichsver=-
fahren,

In Bild 4 ist der Berechnungsgang zum Nachweis der Tragfdhigkeit
eines dynamisch beanspruchten Spannbetonquerschnitts unter Be-
riicksichtigung der Betriebsbeanspruchung in Form eines FluBdia-~
gramms dargestellt,
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L, PRAKTISCHE ANWENDUNG DER BETRIEBSFESTIGKEITSBERECHNUNG

Die durch eine Betriebsfestigkeltsberechnung aktivierten Trag-
fdhigkeitsreserven eines dynamisch beanspruchten Spannbetonquer-

schnitts kdonnen auf folgende Weise genutzt werden:

- Einsparung an Material durch Reduzierung der Querschnittsab-

messungen oder Senkung des Bewehrungsgrads

- ErhShung der zulidssigen Belastung bei Beibehaltung der Quer-

schnittsausbildung

=~ Verlingerung der Lebensdauer bei Beibehaltung der Quer-

schnittsausbildung und der Belastung.,
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Der letztgenannte Effekt wird durch Bild 5 verdeutlicht, in dem
der EinfluB von Lastkollektiven K unterschiedlicher statistischer

Verteilung, gekennzeichnet durch sogenannte VolligkeitsmaBe Vi
vz und VB,

Bemessung auf der Grundlage der Einstufenbelastung (ertragbare’

auf die Lebensdauer angegeben ist. Gegeniiber einer

Lastspielzahl N(E)) kann bei Ansatz der Detriebsbelastung (er-
tragbare Lastspielzahl N(Kb je nach Kollektivvolligkeit v in vor-

lieﬁendem Fall die sechs- bis vierzigfache Lebensdauer, d. h,

N(K = (6 ... Lo) N(E), nachgewiesen werden,
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Unexpected Fatigue Failures of Non-prestressed Reinforcements
Rupture inattendue de I'armature passive due 3 la fatigue

Unerwartete Ermiidungsbriiche in der schlaffen Bewehrung

F.J. SAINZ DE CUETO

Struct. Eng.

Laboratorio Central de Estructuras y Materiales CEEOP
Madrid, Spain

SUMMARY

The calculation models to predict the response of partially prestressed concrete bridge girders, subjec-
ted to traffic cyclic loads, usually incorporate many assumptions about the pattern behavior. One of
the most widely used is the perfect bond between steel and concrete, neglecting the local bond break-
down surrounding each flexure crack. Laboratory test results given in this paper show that some un-
expected fatigue failure, due to cumulative damage in non-prestressed reinforcement, can be found.
Fretting secondary stresses, owing to the curvature at deflection, ought to be included in a Class 2 and
Class 3 design.

RESUME

Les modeéles de calcul pour estimer la réponse d'une poutre d’'un pont en béton partiellement précon-
traint, soumise a des sollicitations dynamigques dues au trafic, contiennent généralement beaucoup de
simplifications sur le comportement réel des éléments structuraux de ces ouvrages d’art. Une des
hypothéses les plus utilisées est |la parfaite adhérence acier-béton, malgré son inexistence & proximité
de la fissure. Cet article donne les résultats d’essais montrant guelques ruptures dues a des dommages
cumulatifs de I’'armature passive. |} faut tenir compte dans le calcul mathématique en Classe 2 et 3, des
contraintes secondaires de friction dues a la courbure de I'armature passive.

ZUSAMMENFASSUNG

Die Berechnungsmodelle tiber das Verhalten teilweise vorgespannter Betonbriickentrager unter zykli-
scher Verkehrsbelastung enthalten oft viele Vereinfachungen gegeniber dem wirklichen Verhalten.
Eine der haufigsten Vereinfachungen betrifft die Vernachlassigung der unvolistdndigen Haftung zwi-
schen Stahl und Beton in Rissnahe. Die im Beitrag vorgestellten Versuchsergebnisse zeigen unerwartete
Ermidungsbriiche in der schlaffen Bewehrung. Die durch die Biegekrimmung hervergerufenen Neben-
spannungen infolge Reibungseffekten sollten in den Berechnungen fir die Brickenklassen 2 und 3 be-
rucksichtigt werden.
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1. INTRODUCTION

A research investigation, conducted in the Department of Structures at the Labo-
ratorio Central de Estructuras y Materiales, is being carried out to obtain in-
formation on the fatigue life of prestressed concrete bridge beams under traffic
cyclic loads. Full size bridge girders have been tested. However, in order to
attain an acceptable level of reliability, further beam tests are, being made to
explain some specific questions. A knotty point was the verification of fatigue
behavior of the non-prestressed steel addition (commonly advised against fatigue
failure) after cracking. As a matter of fact that situation appears not only in
a Class 3 design, but in Class 2 too, for exceptional 1live loads. This feature
was included in the test program of series E2, which the present article deals
with. On the other hand, the choice of a good mathematical simulation model, to
find out the stresses in those reinforcements, is not an easy task, especially
if we incorporate some usual assumptions. With regard to that question, as the
present work shows, we might be on the unsafe side.

2. SIMULATION MODEL AT CRACKED SECTION

2.1 Hypothesis for simplification

Technical literature contains many theoretical and experimental works on the be-
havior of beams bending under repeated overloads. When the external moment ex-—
ceeds the value at which cracks begin to open and clcse, their flexural response
is non—linear and conditions become more complicated. Nevertheless the computa-
tional effort can be reduced if the following assumptions are made:

— Strains vary linearly over the depth of the member throughout the entire load
range.

— After cracking, tension in the concrete is neglected.

— Equilibrium of internal forces.

— Linear elastic response of steel instead a more complicated (history dependent)
constitutive relation. During the first cycles of loading, this behavior is not
true if that material has been stressed up to yield, and some analytical model
for steel should be used.

— The perfect bond between steel and concrete seems to be the most doubtful hy-
pothesis in this model. Some authors bear in mind the bond failure introducing
a dimensionless compatibility factor. However, the factor evaluation is diffi-
cult because of the scatter natures of this phenomenon and values must therefore
be determined from beam tests.

— Effects of shear are rnegligible on sufficiently slender members.

2.2 Striped model

As can be seen from Figure 1, the model is valid for any section shape, with
steel (either prestressed or not) reinforcements at several different levels.To
compute the integrals appearing in the mathematical equations, the compressive
bPlock of section is divided into vertical strips. In every one of them a cubic
parabola was approximated from the concrete stress—strain curve (Figure 2) in
order to provide the compressive stress distribution. The flow chart in Figure 3
illustrates, step by step, the program for computer which allows the stresses
evaluation. [ [3]
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Fig. 1 Striped Model at Cracked Section

2.3 Notations

X

-WE—-neutral axis of stress

The following terms have been used in the present model:

modulus of elasticity of steel
depth of i-level (i =1 to N)
vel

depth of reference- fiber

concrete cylinder strength

concrete strain in cylinder at f.
dimensionless parameter defining the
shape of the concrete stress—strain
relation

dimensionless quantity relating con-
crete strength in beam and cylinder
concrete strain in top fiber of the
beam due to the prestress force
concrete strain at reference fiber
due to the prestress force

applied moment in the n—-th load cy-
cle

virtual strain at reference fiber
due to M,

number of steel levels (including non—-tensioned reinforcements)
area of longitudinal steel at i-level (i =1 to N)
steel stress in the n-th load cycle due to the prestress force at i-le-

prestressing force in beam during the n-th load cycle

(fe)
1.0

-

—
1.0

(€u)

e
Ec/‘ﬂﬂ

Fig. 2 Concrete Stress-Strain Curve
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Ec1 My - concrete strain in top fiber of the beam due to Mn

X - depth of neutral axis of bending

& — dimensionless factor defining location of neutral fiber of stress
&a — depth to neutral fiber of stress

di - strain distribution factor

fg5 - steel stress at i-level

C - total compressive force in concrete

3. SERIES E2 TESTS

3.1 Description of specimens

Each of the 6 m. length T-beams was simply supported. The cross section and the
situation of the post—tensioned bonded tendons (level 2) and the non-prestressed
reinforcements (level 1 and 3) are shown in Figure 4. The area of concrete sec—
tion was ©.1252 sq.m. and the moment of inertia of this area about its centroi-
dal axis 243 x 102 m?. Reference fiber was chosen at center of gravity of level
2 plus level 3. The concrete used in the manufacture of specimens was vibrated
and twelve standard 150 mm. by 300 mm. test cylinders were cast with each beam.
'5% Concrete cylinder strength was about 39
MPa and tensile strength about 2.5 MPa.
- ‘ The stress-strain data for all the beams,
”/,,:j' a without prior loading, follow quite well
the A = 2.6 curve (below 85% of concrete
cylinder strength). This value provides a
reascnable fit for the compressive stress
block of the beams at all load levels.
Only plain cold—-drawn wire has been consi-
dered in series E2 and the ultimate tensi-
le strength for the 5 nm. diameter wire
was 1898 MPa. The amount of web reinfor—
cement, given in Figure 4, was just suffi-
' cient to develop the ultimate flexural ca
‘-—‘—29-— 20 120 pacity of the beams. In every one of them,
prestressing began 30 days after casting.
Previcusly to grout the tendon ducts at
level 2, losses of stress due to wedge anchorage, elastic shortening, concrete
creeping and steel relaxation, were verified during 20 days after prestressing.

5
_lad 8o

' g
1

leveliq

29

340

level 2 ||| & -f & |
R.F. e
level 3{l@g 0 00 0 Q)

6Q¢_I05 I

Fig. 4 Beam E2-2 Section

3.2 Test procedure

Every one of the beams was tested up to three million cycles of loading. After
which, if the beam went beyond this limit, a static test up to failure would be
performed in order to compare the ultimate static strength between beams with
different load histories. The main difficulty, during the first (about 102) cy-—
cles of repeated loading, is that prestress force varies due to creep effects
and progressive bond failure. Changes in the compressive stress block are less
important as a result of low stresses in under-reinforced members. Losses of -
effective prestress provide increasing stresses at non—-tensicned wires. Hence—
forward, the beam settles down to a fairly steady response. Beams were instru—
mented with exterior strain gauges at steel levels. The measured values of
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reinforcement stresses agreed very well with the calculated ones plotted in Figu-
re 5, which shows the relationship between those stresses and the applied bending

moment. The load spectrum has been divided into three steps and varying from each
beam to others. Some stress ranges in prestressed reinforcements crossed the Good
man diagram boundary, in all beams, indicating a risk of failure. However, ranges
in non-prestressed wires were kept well within that limit. Figure 6 indicates the
loading sequences 1-3, 2-4 and 3-5 of the E2-2 beam cummulative test, which is
summarised in the fellowing table: (Theoretical values)

Bending Stress at % Ultimate Stress at %Ultimate

Load

Mcment Level 2 Strength Level 3 Strength
(KNm) (MPa) of wire (MPa) of wire

1 57 .52 1215 64 418 22

2 66.78 1310 69 569 30

3 77 .38 1405 74 721 38

4 90.61 1537 81 911 48

5 103.20 1670 88 11, 58

3.3 Test results and discussion

Failure was brought about only in E2-2 beam. As Figure 7 illustrates, typical
fracture surfaces, due to cummulative damage, appeared in non-prestressed wires
at the bottom layer. Failure took place after 1995 x 103 cycles, in spite of theo-
retical steel stresses, which seem to keep off the modified Goodman diagram boun
dary. On the other hand, a good agreement betweer. those corresponding strains and
the measured ones, proved a fitness of the used model. Therefore it is clear that
some kind of supplementary stresses in non-prestressed steel has been neglected.
The use of linear elastic fracture mechanics provides an approaching way to esti
mate the actual maximum stress at failure. Fracture toughness 66.4 MPaym was ta-
ken from several plain cold—drawn wire tests. The equalling of this value and the
stress intensity factor average, pointed out a real stress up to 1380 MPa, which
really cross through the Goodman diagram limit (26% more than expected). These
additional stresses might occur due to an oscillatory rubbing action between mat-—
ing surfaces near each crack. Although the nature of fretting-induced fatigue is
not clearly understood, it is well known that fretting stresses can appear with
extremely small relative amplitude ( 10~2mm). Cracks in the present tests opened
up to 0.05 mm wide. [

4. FINAL REMARKS

To make use of non-prestressed steel is commonly advised in order to safeguard
prestressed beams—under traffic loads-against fatigue failure. It seems to be
appropriate because the resistance to cracking is considerably improved. However,
when cracks have occured, fretting secondary stresses as consequence of the steel
curvature at deflection might take place near each flexure crack. It is early,
until series E2 becomes closed, to conclude that some unexpected failure due to
non-prestressed steel fatigue could occur if those stresses were overlooked.
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Fig. 8 Photograph of E2-2 Beam After Failure
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Fatigue Strength of Reinforced Concrete Slabs under Moving Loads
Résistance a |a fatigue des dalles en béton armé sous des charges mobiles

Ermidungsfestigkeit von Stahlbetonpiatten unter beweglichen Lasten
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SUMMARY

Twenty models of a reinforced concrete bridge deck slab were tested under static loading, fixed point
pulsating loading and repetitive moving loads. These moving loads were applied along several lines to
simulate the passage of truck wheels. Under these loadings, differences in cracking pattern, deflection
growth, reinforcement stresses and load carrying capacity are examined.

RESUME

Vingt modéles de dalles en béton armé pour ponts-routes ont été essayés sous charge statique, charge
fixe pulsative et charges mobiles répétées. Ces charges mobiles ont été appliguées le long de plusieurs
lignes pour simuler le passage de roues de camion. Sous ces charges, des différences dans la fissuration,
I'augmentation des fléches, les contraintes des aciers et la capacité portante ont été examinées.

ZUSAMMENFASSUNG

Insgesamt zwanzig Modelle von Stahlbeton-Fahrbahntafeln wurden unter statischer Last, pulsierender
Last mit festem Lastpunkt, sowie unter wiederholter beweglicher Last geprift. Die beweglichen Lasten
sollten die Schwerverkehrslasten wirklichkeitsnah simulieren. Die Unterschiede in den Beanspruchun-
gen wie Risszustand, Zunahme der Durchbiegung, Spannung in der Bewehrung sowie das Tragvermé-
gen wurden untersucht.
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1. INTRODUCTION

Since bridge deck slabs directly sustain repeated moving wheel loads, they have
more the possibility of fatigue failure than other members of the bridge such
as beams and girders. In particular, a reinforced concrete deck slab (RC slab)
may undergo the influence of fatigue on both sides of inherent strengths of
materials and bond strengths between dissimilar materials. However, there has
no design code for bridge deck RC slabs in any country, taking into considera-
tion of fatigue effect directly. The reasons for this seem to stem from the
understanding that the ultimate load carrying capacities of RC slabs are very
large and a conventional design code based on an allowable stress method is too
conservative to require consideration of fatigue effect.

In Japan, since about 1965, however, fatigue damage followed by a peeling off
of concrete covering bottom reinforcements or a depression of pavement due

to punching failure of slab has often occurred, especially in RC deck slabs
supported by steel girders, Considering that the resulting damage is so severe
as to Interfere with the serviceability of bridge deck after the passage of
only several years following the opening for service, we must emphasize that
the effect of fatigue must be considered in the stage of design, though other
factors such as the recent increase of traffic load intensity and the incom-
pleteness of fabrication should perhaps also be included among the cause,

Recently, some fatigue tests of model or prototype RC deck slabs were carried
out under central or eccentric pulsating loading through a hydraulic jack [1,2,
3]. But such a loading condition is not sufficient to reveal the fatigue charac-
teristics of bridge deck slabs because cracking patterns under the loadings ap-
plied at a.fixed point were of a radial form spreading from the loading point
which differed substantially from a grid-like or tortoiseshell-like form ob-
served in actually damaged deck slabs, and furthermore, the fatigue failure mode
in the tests often followed fracture of reinforcements but the failure modes
observed in actually damaged slabs were not associated with any fracture of
reinforcements.

The purpose of this paper is to clarify the fatigue characteristics of RC deck
slabs under repeated moving wheel loads. A total of 20 model slabs of about 1/3
scale to one panel between adjacent main girders of a typical steel-concrete
composite girder bridge were tested under static loading, pulsating loading at
a fixed point and repeated moving loadings on several different points used to
simulate the travelling of wheel loads. In particular, differences in cracking
pattern, growth of deflection, stresses of reinforcements and load carrying
capacities under these loading conditions are discussed.

2. DESCRIPTION OF SPECIMENS AND TESTS

The details of test slabs are shown in Table 1. The slabs marked " I " have iso-
tropic bottom reinforcements, while the slabs marked " 0 " have orthotropic bot-
tom reinforcements whose transverse reinforcements, arranged in parallel to the
longer side of the slabs, are reduced to half the amount of the longitudinal
ones. The reinforcement-ratio in longitude was 1.32% which corresponded to a
moderate amount in RC deck slabs designed by the current Japanese code. The sizes
of the test slabs were 90 cm long, 260 cm wide, and 6.0 cm thick. The test slabs
were simply supported over two way spans, 80 cm and 250 cm, respectively, and
their aspect ratio, about 3.0, was chosen so as to approximately reflect the
characteristics of one-way slab supported by adjacent steel girders.

Test programs are shown in Table 2. A single concentrated load was applied
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through a rubber pad 1.0 cm thick which was stuck to a steel plate 0.5 cm thick,
and the contact area of the rubber pad to the top surface of the slab was taken
as 17 cm x 7 em which corresponded to about 1/3 scale of the contact area of a
rear wheel tire of the truck specified by the Japanese code. Four types of load-
ing were used in the tests, static, pulsating at a fixed point, repeated moving
on a single track along the transversal center line, A-A, shown in Fig. 1 and
repeated moving on three tracks, A-A, B-B, and C-C, in the figure. The moving
loadings on a single track were carried out in such a way as to move the con-
centrated load every one cycle of loading at each discrete point in the trans-
verse direction. While the moving loadings on the three tracks were carried out
by changing cyclically a loading track after 100 rounds of moving loadings

along each track. Load levels, namely the ratio of a repeated load to a static
collapse load, were set approximately at 50, 55, 60, 65, 75, 80 and 85%, where
the static collapse loads were determined by the results of the slabs IS and OS
apriori tested, The rate of loading ranged from 3 Hz to 4 Hz in the pulsating
loading and was about 1 Hz per each point in the moving loadings. A electro-
hydraulic loading machine was used and the movement of load was carried out by
moving the actuator by hand.

3. MATERIAL PROPERTIES

The concrete used in the test slabs consisted of ordinary portland cement with
a unit weight 370 kg/m~, water-cement ratio 0.5, aggregate—cement ratio 5.0,
and maximum size of crushed gravels 1.5 cm, and the slump of fresh concrete

was 12 cm and the gverage compressive strength in cylinder at the age of 28
days was 28.3 MN/m~, The reinforcements consisted of round steel bars of diam-
eter26 mm, whose ayerage yield stress and average tensile strength were 255
MN/m” and 314 MN/m~, respectively. All of the test slabs were cast simultane-
ously and were cured in air until the time of testing after 40 - 240 days since
the casting.

4. OBSERVATIONS AND RESULTS

4,1 Static strength 2600

The slabs IS and 0S were tested

under a static loading. The design O* R i?ﬁf??if??ﬂ_'_
load for the slabs allowable in T nonon rﬂjlp M s ?
the Japanese code, namely the load ool || o HOoY % i
giving an ﬁllowable tensile stress @ &% T [thE“{}“EP‘{}%%%”T“
, 138 MN/m”, in the bottom rein- b i
forcements, corresponds to 12,9 kN. Blee lowe g | R J

' 70
In the isotropic slab IS, initial ’3@280:84;H§@280=84o ’?HEEORT
cracking on the bottom side was '
observed at the design load men-
tioned above, while grack on the \ col b ‘J'_L4ACTUA“DR 4?
top side was first observed at the L TEST R e T e T MOVE
load, 39 kN. In the orthotropic 8;— e e ————
slab 08, initial bottom surface | o |
cracking and top surface cracking
were noted at the loads, 12.9 kN ABUTMENT SUFPOAT GIRDER

and 34.3 kN, respectively. The
cracking patterns on the bottom
surfaces were of a radial form,
spreading from the loading point,
and the collapse mode was of the Fig. 1 Test Setup.

(DIMMENSIONS IN M)
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punching shear type following a flexural failure mode which had partially
proceeded.

Since the collapse modes were located within the vicinity of the loading
point, three tests about the center point and other two points of + 70 cm
away from this point on the transversal center line were carried out for each
slab. The average value of the collapse loads obtained was 62.3 kN in the slab
IS and 58.1 kN in the slab 08, theoretical values of which were 61.7 kN and
55.6 kN, respectively, using the yield line theory, assuming a circular or
elliptical fan of yield lines, and considering the hogging plastic moment of
cross section having effective depth 2.1 cm corresponding to the distance from
the centroid of transverse reinforcement to the bottom surface of the slab.

4,2 Fatigue characteristics

In central pulsating loading, cracks that initially occurred beneath the center
spread radially on the bottom surface and later some top surface cracks of a
circular arc-form also appeared. The collapse mode was of the punching shear
type without fracture of reinforcements, As the mode was quite similar to the
static collapse mode, three tests about the same points in the static tests
were carried out for each slab.

On the other hand, in repeated moving loadings on a single track, bottom sur-
face cracks independently developed from each loading point and after these
cracks crossed each other, the cracking pattern took on a tortoiseshell-like
form. Severely cracking occurred only in the earlier stage of loading cycles.
Behaviour of the bottom surface cracks was remarkable in that the cracks, par-
allel to the longitudinal reinforcements, opened considerably when a load
stituated just above them, but they closed completely when the load was taken
away. Thus, by the action of alternate compression and twisting due to repeat-
ed movements of the load, the crack faces clapped together and rubbed against
each other, so that the crack-widths, remaining with no loading, enlarged.

The cracks on the top surface developed from the earlier stage of loading cycles
were more numerous than those in the case of pulsating loading at a fixed
point, and later on, small pieces of concrete fell due to the breaking of the
lower edges of the cracked sections. Near the final stage of the loading cycles,
a compressive fracture line resulting from the crushing of the concrete occur-
red along the transversal center line. Thus, the slabs seemed to collapse in a
roof-like mode of yield lines, but they eventually collapsed in a punching
shear mode without fracture of the reinforcements. The final cracking pattern
and the collapse mode are shown in Fig. 2.

On the other hand, the behaviour under repeated moving loadings on three tracks
was similar to that on a single track, but a different point was in that the
cracking and the falling of small pieces of concrete rapidly developed just
after the loading track was changed.

Table 1 Details of Test Slabs.

Ratio of Rein-

Sizes, Effective Diameter of Rein- forcement , in %
Type of Number Longi. x Trans.| Depth Depth forcing Bars
Slab of Slab ! in cm in cm in cm in ¢m Longf. Trans.
I 10 90 x 260 6 4.5 0.6 1.320 1.320

0 10 90 x 260 6 4.5 0.6 1.320 0.726
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The relationship between load level ( ratio of the load applied to the

average value of static collapse loads ) and the total number of loading

cycles to failure is shown in Fig. 3. The fatigue life versus load level

curves drawn in the figure are determined by the least-squares method, using
the data given under identical loading conditions. These load level, R , versus
fatigue life, N, curves can be expressed by the following equations:

For isotropic slabs under pulsating

loading at a fixed point,
& P Table 2 Test Programs.

R=1.08 - 0.086 log N (D
; Numb
For orthotroplc slabs under pulsating Slab ogmt::t Reinforcement Loading Condition
loading at a fixed point,
R=1.14 - 0.093 log N (2)
IS 3 Isotrepic Statie
For isotropic slabs under moving load-
ings on a single track, 10 8 Isotropic Tt v
R = 0.93 - 0.076 10g N (3) IM 5 Isotropic Repeated Moving on
a Single Track
For orthotropic slabs under moving load- IR 1 Po— Repeated Moving on
. . Three Tracks
ings on a single track,
0s 3 Orthotropi Stati
R =0.99 - 0.102 log N (4) reRTeRte
o Pulsating at 2
If fatigue strengths at 2 x 106 in the ° s Orthotropic | fixed point
total number of loading cycles are oM 5 Orthotropic Repeated Moving on
" . a Single Track
predicted from these equations, then ‘
the values, 0.54, 0.55, 0.45 and 0.35 are OR 2 Orthotropic fepeatad MouTro. o
obtained for each case mentioned above,

Obviously, it can be seen that a fatigue

life under the same load level is much

shorter in the case of moving loadings than in the case of pulsating loading
at a fixed point, and the effect of transverse reinforcements on the enhance-
ment of fatigue strength is also greater in the case of moving loadings.

4.3 Stiffness degradation

Relationships between the increase in central deflection ( the total amount of

- elastic and residual deflections ) and the total number of cycles are shown in
Figs. 4 and 5. Under central pulsating loading, the deflections became rather
slow but began to increase rapidly near the time of collapse, and when the
deflections reached within a range from 0.25 em to 0.3 cm, corresponding to
about 2.5 times of the theoretical value obtained by an elastic thin plate the-
ory, top surface cracks occurred,

On the other hand, under repeated moving loadings, the deflections gradually
progressed from the earlier stage of loading cycles, and when the deflections
reached within a range from 0.32 c¢m to 0.48 cm, top surface cracks occurred;
furthermore, when the deflections were within & range from 1.2 cm to 1.6 cm,
corresponding to about 1/5 - 1/4 of the depth of the slabs, a compressive frac-
ture line due to crushing of concrete occurred. The deflections just before
collapse amounted to 1.7 em - 2.2 cm under central pulsating loading and 2.1 cm
— 3.0 cm under repeated moving loadings, respectively.

4.4 Strains in reinforcements

Variations of strains ( excluding residual strains ) in reinforcements at the
center are indicated in Figs. 6 and 7. In the repetition of the higher load
level, the strains of the longitudinal reinforcements happened to exceed to the
yield strain at first one round of the movement of lcad, but there was virtual-
ly no subsequent growth. In the repetition of the lower load level, the longi-
tudinal reinforcements did not yield and their strains were almost stable during
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all loading cycles. On the other hand, strains of the transverse reinforcements
gradually decreased from the initial stage of loading cycles. Such behaviour
seems due to the redistribution of stresses resulting from both the internal
bond slips of reinforcements and the orthotropy of the flexural rigidity of the
slabs. This behaviour was also consistent with the fact that no fracture of
reinforcements occurred until the collapses of the slabs.

5. CONSIDERATION ON FATIGUE LIFE ////7[/ {) /f>& \\Efq\\{\i\\\\\\\\
UNDER WHEEL LOADINGS

+ »vkdﬁﬂ“4££;>vk~ﬂﬁf‘ +
Moving loading used in these tests was
performed by transferring, in turn, a \\<>\\\\\\\\ \V/ﬂéf;// /// ///)

loading point to seven discrete points

in the transverse direction as shown in e s
Fig. 1. Such a loading procedure was
adopted to simulate the continuous move-
ment of wheel loads since bending moment
diagrams under loadings at adjacent
points sufficiently overlap each other.
However, a certain difference in the
effect on fatigue failure between such BOTTOM SIDE

a loading condition and the condition

of wheel loading might arise because

in the tests, the alternation of loading Fig. 2 Final Cracking Pattern
and unloading was performed at each in the Slab IM.
loading point.

Assuming that the partial flexural failure preceding the punching failure con-
trols the fatigue strengths of the slabs, we can examine the contribution of
one cycle of loading at each discrete point to the fatigue life of a partic-
ular point by using Miner's hypothesis. Denoting the total amount of such
contributions by aj, we obtain,

1.0 ——
Q_\‘A‘

« = _—

& \.\ \A ‘‘‘‘‘‘
o R
g .\\‘TSNO S A
m —o— 1D e
— os --s-- 0D ‘“M-:f“*~ g§f§
o) —e— M . [ S
< i OM
Ea o IR

& OR

— DID NOT FAIL

1 10 10° 10° 10° 10° 10°
TOTAL CYCLES TO FAILURE , N

Fig. 3 Relation between Load Level Applied and Total Number
of Cycles to Failure.
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r o,
a, = L — (5) ag |

4 .

i=1 N'i —_
3 € 2 o IM

where, r = number of loading point, o . x X )
N.. = fatigue life of the particular 2207 =5 crusine

al % - 3] T, n .0 : CRACKING OF TOP SURFACE a
poInt j under repeated loadings ap- o X : COLLAPSE

: . p ; Y

plied at an arbitrary point i, and & a o

n, = cycles of loading applied at Rk s o o
the point i. The variation of bend- S Dﬁoyf

ing moment at the particular point 5 s} ;of °
can be obtained by the elastic thin 5] L2t o
plate theory, ) ‘I e o oac N S a e @

M, =M, f(y,,vy,) (6) % o o o o o° 10°.
] e 4" TOTAL CYCLES

where Mo' = maximum value of bend- Fig. 4 Growth of Central Deflection
ing momeént and f(y.,y.) = non-dimen- under Load 34.3 kN.

. X i
sional influence surfiace whose max-
imum intensity is reduced to unity,

in which y, and y. indicate coordi- sl
nates of the partIcular point and _ Bl .
the loading point, respectively. E .| 4or x
Using the R-log N curves of Egs. 1 p gyt T ‘e
and 2 for evaluating Nji and using gzo- .1:$&§ﬁ?w L
the relation, R, = Ro f(y.,y.), Q x : COLLAPSE . .
where R, = reduted 18ad ldvel to T & . "
the poiﬂt j and R = applied load 8 "~
. . t2 °
level, the factor, ds, in Fig. 5 z . .
can be expressed as follows: % ok . “
i 2
O .| [
r -M . [1-£(y,,y.)]1/BK s} PR s aeett
a. - Z 1_0 OJ J 1 (7) TR
i=1 °; 0 0 e 10 10° 10°
where B = Mpj/R, and K = the gra- TOTAL CYCLES
dients of the R-log N curves. Fig. 5 Growth of Central Deflection

under Load 34.3 kN,
Now, confining our attention on the

center of slab and using r = 7, K =

0.09 obtained from Eqs. 1 and 2 and the influence surface obtained by the elas-
tic thin plate theory, we obtain aj=4 =1.0002 and 1.02 for R, = 1.0 and 0.5,
respectively. Since for any discrete point, being away from the center, a similar
result can be expected, it is concluded that the fatigue life of a particular
point is scarcely influenced by the loading cycles at other points, and there-
fore the movement of a load on the seven discrete points aligned becomes equiv-
alent to one passage of a wheel load for an effect on fatigue life.

Thus, from the data in Fig. 3, a comparison of fatigue life under pulsating
loading at the center and repeated passages of a wheel load can be given as
shown in Fig. 8. It is obvious that the fatigue life becomes much shorter under
the condition of wheel-loadings than the condition of central pulsating load-
ings commonly used in the past studies. If a slab with an isotropic reinforce-
ment fails at 1 x 10° cycles of central loadings, then the slab results in
failure at about 1.3 x 104 times of wheel load passage. Further, in an ortho-
tropic reinforcing slab whose transverse reinforcement is reduced to half the
amount of the longitudinal reinforcement, a further reduction of fatigue life
may be predicted under wheel-loadings.
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Fig. 6 Strain Variations under Fig. 7 Strain Variations under
Load 39 kN. Load 29 kN,
6. CONCLUSIONS W 1ot
'}
=
The following conclusions can be made: P
1. The static load carrying capacities O 4
can be predicted with sufficient @
accuracy by the yield line theory. 2
2. Damage associated with the develop- 2 .|
ment of cracking and the falling g
of small pieces of concrete occurs g
from the earlier stage of loading S ol
cycles in repeated moving loadings 4
than in pulsating loading at a ¥
fixed point. z 1
3. In pulsating loading at a fixed 7 02 108 10° 108 10°
poj_nt . fatj_gue strengt‘hs at 2 % CENTRAL -LOADING CYCLES TO FAILURE

106 cycles amount to more than a

half of the static strength, while Fig. 8 Relation between Central Load-
in repeated moving loadings, the ing Cycles and Wheel Loading
fatigue strengths are predicted Cycles to Failure.

to be much lower than this.

4. The effect of transverse reinforcements on the enhancement of fatigue life
becomes greater in repeated moving loadings than in pulsating loading at a
fixed point.

5. The effect of one passage of a wheel load upon the fatigue failure of slab
is equivalent to a range from 80 cycles to 600 cycles of central pulsating
loadings.
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SUMMARY

Analytical methods to design anchor bolts are compared to test results from 16 tests with cyclic
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loading. The level of prestress is the most impartant factor for the life length of a bolt.

RESUME

Des méthodes analytiques pour le dimensionnement des boulons d'ancrage sont comparées aux résul-

tats expérimentaux de seize essais soumis a des charges cycliques. Le degre de précontrainte est le

facteur de plus important qui influence la durée de vie des bouions d’ancrage.

ZUSAMMENFASSUNG

Analytische Methoden fir die Dimensionierung von Verankerungsbolzen werden mit Ergebnissen aus
sechzehn Versuchen mit zyklischer Belastung verglichen. Der Vorspanngrad hat den gréssten Einftuss
auf die Lebensdauer des Verankerungsbolzens.
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1. INTRODUCTION

Machines are often anchored to reinforced concrete foundations by means of
anchor boTts. It is desirable that these anchor bolts meet the following
specifications:

- They are able to withstand static and cyclic loading

- They are able to anchor a load within a short anchor length even when the
lToad is situated close to the edges of the concrete foundation

- They are easy to install in the foundation even long time after the founda-
tion was cast.

These requirements have led to the development of various types of anchor bolts.

To be able to withstand cyclic loading, it is advisable to use prestressed
bolts. In other cases very heavy bolts are required to withstand also relative-
ly small cyclic loads. This is due to low fatigue capacity of bolts [1].

Two major types of anchor bolt arrangements are tested in this project [2]-[6].
In the first one, the recess for the bolt is provided by drilling a hole in the
cast foundation, see Figure t1a, This type of recess has two main advantages. No
special arrangements are needed during the design and the casting of the founda-
tion and there is a complete freedom of where to drill the hole. On the other
hand, this type of anchorage is likely to have a rather poor capacity for
sustained load due to shrinkage of the mortar grouted in the hole.

In the other type, the recess for the anchor bolt is provided by a conical
shell, which is placed in the foundation before casting; see Figure 1b [Z7].
The cone is provided with a spiral reinforcement which helps to carry the
splitting forces in the concrete. This type has a good ability to carry sus-
tained and cyclic loading although some more effort is needed during construc-
tion.

Prestressed anchor bolt
threaded along its whole length

Hexagon nut and washer %

Machine feoting

Shrinkage compensated
concrete grout

% ]
. I Drilled hole in the
felele . concrete foundation
1]

A Plastic tube to prevent bond = §
- between concrete grout and SO

anchor bolt "A"

1
|
R 1
.o ~a
\ % s
A . A -
o8¢ L Washer and hexagon nut = B
I
B

NS )
_I v . - . _—}— Reinforced concrete B

foundation

Fig 1 Tested anchor bolts. (a) Bolt placed in a cylindrical hole drilled
into a reinforced concrete foundation. (b) Bolt placed in a cylindri-
cal recess. The recess is formed by a 0.5 mm thick metal sheet
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2.  ANALYTICAL MODELS

2.1 Crack propagation

In order to study the propagation of a crack in the concrete, a fracture
mgchan1cs finite element model was used [6]-[8]. The model is illustrated in
Figure 2 a, b and some results are given in Figure 2 ¢ - f,

As can be seen from Figure 2, the fictitious (dashed line) and the real cracks
(full line) grow as the load is increased. The cracks form a cone and the crack
tip has to penetrate a larger area the more it grows. This implies that the
crack is very stable also for fatiqgue Toads. As soon as the crack tip penetrates
a small distance, the stress in the zone around the crack tip will decrease and
thus the crack propagation will be halted. For this reason there is usually no
fatigue problems for the concrete [9], for a bolt which is loaded at a level
reasonably below its static failure Joad.

P =75 kN P = 133 kN

Poax=213 kN

(e)

Fig 2 Fracture mechanics model used for study of erack propagation [4], [61.
(a) Dimension of finite element model (96 axisymmetric elements +
10 linear crack elements). (b) Material model for loading (AB) and un-—
loading of crack element (BC), €, = tensile strain, w = crack width.
I%e following material properties were used for steel and concrete
Eg = 210 GPa, Vg = 0.3, gg :7800kg/m, E, = 30 GPa, foy = 3.0 MPa,
Vo = 0. 2 Pe = 2400 kg/m?, G, = 60 N/m (fracture energy) and w, =
= 401076 m (maximm fictitious crack width). (c)-(f) Isostress
Ztnes for maximum tensile stress for different load levels. A micro
erack (fietitious crack) is marked with a dashed line and a real
erack is marked with a full line. (e¢) P = 75 kN, (d) P = 193 kN,
(e) P =213 kN, maximum load, (f) P = 196 kN, after maximum load. The
figure illustrates a test, where the anchor head deflection is the
steering parameter.

I n
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— 2.2 Punching
D+ 2d =
L . The anchorage failure of a bolt is related to
AN v 7 i punching of slabs, see Figure 3. In codes, it is
1 N ,X45oj Iﬂ common to use a simplified calculation model for
' — punching, An idealized failure cone is assumed,
which is inclined 459 degrees to the horizontal
(a) plane. The area A of the cone is, see Figure 3,
dr A = 70.5(D+D+2d) dvZ = w(D+d) dvZ, where D is the
diameter of the column or the washer and d is the
effective depth of the slab or the foundation.
The shear stresses along the cone are often given
tr a constant value f at failure, A vertical projec-
(b) - tion equation then'gives
.\\\ T Id F = Afv//? = mw{D+d)d fv (1)
R In the 1978 CEB-FIP Model Code [10] the value of
5 fV depends on the concrete strength, the depth d,
| sl l and the amount of the reinforcement in the top of
L_: B +2d | _L the slab. In the United States a similar approach
T has been proposed [12].
Fig 3 Comparison between 2.3 Influence of prestress
punching (a) and anchor
bolt failure (b) A simplified model illustrating the influence of

prestress is shown in Figure 4. A prestressing

force P, gives rise to a strain eggg in the steel
bolt and a strain e., in the concrete grout under the machine footing. The bolt
area is AS, the effective concrete area is A., the length of the bolt is L,
the effective length of the concrete is L., and the modulus of elasticity for
steel and concrete grout are Eg and E., respectively. Equilibrium gives, see
Figure 4a, Py = EcAceqy = EcAcecq. Here egp and ecq can be written as eqq =
Vso/Lg and ecqg = v /ES, where v, and v. denote the elongation and the com-
pression of the boi% and the concrete, respectively.

If now a force F (less than P,) is applied to the machine footing, the bolt
head will move a small distance v. The strain will increase in the bolt and it
will decrease in the concrete grout. The applied force F can then be written

as the difference between the tensile force F¢ in the steel bolt and the
compressive force F. in the concrete grout, see Figure 4a and 4b, F = F¢ - Fp =
ZEuAg v(re1)/(Lor)S where r = EAL/(EALLS). This holds for F < Po. If
app?ied force F is greater than BO, the concrete compressive force will be re-
duced to zero. The applied load will then be carried by the steel bolt alone,

F=F = ESAS(V 0+v)/LS.

S S

The applied force F, the tensile steel force F¢ and the compressive concrete
force F. are shown in Figure 4b as functions of v. The numerical values are
chosen to be representative for a bolt with dimension M 30. The applied force F
is increasing steeply for small deformations v when F < P,. When the concrete
compressive stress disappears for v = Vep and F = Fy = E AS(VSO + Ve )/LS the
applied load must be carried by the steel bolt alone. Accordingly, tﬁere isa
change of the slope of the F-v-curve.

If the applied load F is varying with an amplitude +AF so that Fo +0F < F
only small variations AFS will occur in the steel stress, see Figure &b, P
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_fs's, ccy _ s rsi
FeFgFe = (T;—"I;_)"_f;" Y
ECAC
FC=T:_ (Vo)
-0.4 o 0.2 0.4 V {mm) 0.6
Fig 4 Prestressed anchor bolt. (a) Simplified theovetical model.

(b) Applied force F, tensile bolt force F_ and compressive concrete
forece F, as function of bglt displacement v, Numevical values:

E, = 190 GPa, A_ = 561 mn® (M 30), L. = 250 mm, E, = 30 GPa,

An = 2500 nm?, °L, = 50 mm, P, = 150 kN, » = EA L /(EAL )= 0.284,
Vgg = PyLg/(E A= 0.352 mm.  (c) Relation between bolt Stéel stress
range and appiied stress range, AFS/AF, as funetion of r.

EA_/L
S$S S _ r -
s 5§ S cc ¢C

The ratioc of AFS/AF is illustrated in Figure 4c as a function of r.

The model is simplified. The effective concrete area is a fictive concept and

is in reality influenced by the prestressing. For this reason there will be
no sharp change in the slope of the F-w-curve as shown in Figure 4b, Instead,
there will be a gradual change from the slope of the F-w-curve to the slope
of the F-w-curve {indicated as a dashed Tine in Figure 4b).

3.  TEST RESULTS

3.1 Test program

A general view of the test set up is shogn in Figure 5. The dimensions of the
tested foundations were 1450x1450x650 mm? with two to four bolts in each founda-

tion in Tests Nos 1-6 and 400x400x400 mm3 with one bolt in each foundation in
Tests Nos 7-9.

The test program for the fatigue tests [4] are summarized in Table 1. Two bolt
dimensions were used, M30 and 1 1/4". They were both made of a material with a
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nominal yield stress of 640 MPa. The nominal yield load was 359 kN for the M30
bolt and 400 kN for the 1 1/4" bolt. The M30 bolts were used in Tests Nos 1-6
and the 1 1/4" bolts were used in Tests Nos 7-9. The M30 bolts had washers
$104x24 and the 1 1/4" bolts had washers #100x8 mm. The concrete strength in the
foundations is given in Table 1. For grouting, a commercial grout was used in
Tests Nos 1-6 (fcC = 50-60 MPa, fc = 2.5-3.5 MPa) while a concrete made of
Standard Portland cement was used Tn Tests 7-9 (f.. = 13-20 MPa).

As a comparison, ultimate loads from equivalent static tests [3] are also given
in Table 1 together with accompanying punching Toads calculated according to

Eq (1). The punching loads predict the ultimate loads with a reasonable degree
of safety.

3.2 Stress range

Test results are summarized in Table 2. The ratio °r/°r of the stress range
with and without prestress varies between 0.04 (for a very low load level) to
0.63 (for higher load levels). The value of the ratio is linked to the value of
the parameter r as discussed in section 2.3. For example, if the bolt lquth

Lg is doubled, the parameter r will be half as big as before and the ratio
0,/0po Will be reduced considerably. This phenomenon can be seen in Table 2 if
tests Nos 2A and 2B with Lg = 250 mm are compared to Tests Nos 3 and 4 with Lg =
= 450 mm. The ratio op/o., is here reduced from 0.53 and 0.43 to 0.29 and 0.26.

To be able to determine r one must know the parameter A./L. of the effective
concrete. Using the relationship op/opg = r/(1+r) and tﬁe test values for op/opgs
we calculated the value of A./L. for the different tests. We got Tow values,

Ac = 10 Lo to 75 L.. Consequently, to be on the safe side a Tow value should be
used for design purposes, e g Ac/Lo = 5 to 10 nm.

The test results are plotted in a Wohler diagram in Figure 6. In the figure is
also drawn a line which represents the Swedish Code for bolts [11]. There is a
fair agreement between the test results and the code.

The Tevel of prestress is reduced with time due to shrinkage and creep in the
grout. Tests on four commercially manufactured so called non-shrinkage grouts
show larger reductions in prestress force than normal concrete under equal
conditions [5]. In most of the tested bolts the ratio of o /oy has increased
with time. However, for some of the short bolts the opposi%e pﬁenomenon appeared.
The maximum stress level in a cycle here remained constant whereas the minimum
stress level increased slightly. This was probably due to some interlocking
effect which prevented the bolt to unload completely.

3.3 Conclusions
No concrete fatigue failures have appeared for prestressed anchor bolts (except

for cyclic loads on a very high level close to the ultimate static load for the
bolt). Consequently, there is no fatigue problem for the concrete.

Steel fatigue failures have appeared in several tests. The most important factor
governing the 1ife length of a prestressed bolt is the stress range in the bolt.
The stress range can be reduced by prestressing the bolt. Reductions of 50 to
75% of the stress range can be achieved. The magnitude of the reduction depends
on the length of the bolt and the level of prestressing.

It is important to use a grout with a small shrinkage and it is advisable to
check the level of prestress perjodically in order to ensure a low stress range.
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Tabte 1 Test program
Test Depth of hole Diameter of | Distance to { Spiral Concrete Results from equiv-
No or recess hole or edge of reinforcement strength alent static tests
recess foundation Compression | Tension | Punching| Ultimate| Bolt
f fct load load No
o (Eq 1) F,  [Ref (3]
Fin
mm [ ] m mm MPa MPa kN kN
i A-B 200 $120 150 - 35 3.0 48 147 SD 3:1
2 A-B 200 $120 300 - 35 3.0 59 206 so 3:2
3 400 $120 150 - 35 3.0 151 344 SD 3:3
4 400 ¢120 300 - 35 3.0 191 >400 SD 3:4
5 250 $120/200 150 (a) 35 3.0 86 418 {SC 3:1
6 250 ¢120/200 300 (a) 35 3.0 95 425 SC 3:2
7 A-B 200 $150/200 200 {b) 65 4.0 (d) - 300 ML 111
8 A-D 200 $150/200 200 (c) 23 2.0 (d) - 190 ML 3:1
9 A-B 200 $150/200 200 - 28 2.5 (d) = - o
Notes: (a) 4410 Ks400, fy = 400 MPa; (b) 5¢10 Ss260, fy = 260 MPa; (c) 4410 Ss 260, fy = 260 MPa; {(d) The value
fct is an estimation based on fCC
Table 2 Test results
Test | Prestress Applied Stress range o, Number of Mode of failure
force e :
No g Toad Without With %o cycles Ultimate load F
o F prestress| prestress after fatigue
(measured) toading [kN}
%o %y
kN kN MPa MPa - Megacycles
1A 102 62.5 427.5 (a) 98.0 16.2 0.17 8.556 Run out Fu = 153
18 100 5.0 + 5.0 (b} {17.8) {0,7) (0.04) <0.001 Concrete spalling Fu © 138.5
2K 143 142.8 +20.4 72,7 38.0 0,53 >13.000 Run out Fy = 252
28 150 125.0 +25.0 (c) 89.1 38.0 0.43 2.040 Concrete spalling Fu = 225
180 125.0 +55.0 196, 1 57.0 0.29 >4.000 Run cut Fu = 296
220 137.5 +82.5 294.1 76.0 0.26 >0.937 Run out
5 287 172.5 +42.5 151.5 95.0 0.63 >3.780 Run out Fy = 433
6 215 161.0 +54.0 192.5 120.0 0.62 0.671 Bolt fatigue failure
TA - t12.5 +37.5 120.0 - = 1.700 Bolt fatigue failure
78 - 112.5 #37.5 120.0 - - >2.000 Run out Fu = 285
8A - 112.5 £37.5 120.0 - - 0.600 Concrete spalling
88 - 112.5 +37.5 120.0 - - 0.250 Bolt fatigue failure
8c - 112.5 +37.5 120.0 - - 0.750 Bolt fatigue failure
80 - 112.5 +37.5 120.0 - - 0.820 Bolt fatigue failure
1 - 112.5 +37.5 120.0 - . >1.000 Run out F“ = 200
98 - 112.5 +37.5 120.0 - - 0.525 Bolt fatigue failure

Notes

of 5 kN after 10 cycles
162.5 + 62.5 kN
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Fig 5 (left)

General view of test set-up

Fig 6 (above)

Wohler curve for tested bolts. The stress
range O, ts based on measured strain
rates
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Fatigue Testing of Reinforced Concrete Beam to Column joints
Essais de fatigue sur des joints poutre-colonne en béton armé

Ermutdungsversuche an Trager-Stiitzen-Verbindungen aus bewehrtem Beton

Y. NAGAI Y. YAMAGATA T. KARATSU
Manager of Techn. Research M. Eng. M. Eng.

Kobe Steel Ltd. Kobe Steel Ltd. Kobe Steel Ltd.
Kobe, Japan Kobe, Japan Kobe, Japan
SUMMARY

This paper presents experimental studies relating to the fatigue strength of reinforcing bars and an-
chorages in concrete structures. Beam to column joint specimens were given up to 10 million cycles of

loading to study bar strength and enable the development of a reliable mechanical anchorage for
repeated severe loads.

RESUME

Cet article présente des études expérimentales sur la résistance & la fatigue de barres d’armature et
d’ancrages dans les structures en béton, Des échantillons de joints poutre-colonne ont subi jusqu’a 10
mitlions de cycles de charges pour étudier la résistance des barres et permettre le développement d’un
ancrage mécanigue sr pour des charges répétées.

ZUSAMMENFASSUNG

In diesem Artikel werden Ermidungsversuche an Armierungsstaben und an Verankerungen in Beton-
konstruktionen beschrieben. Probekdrper von Trager-Stiitzen-Verbindungen wurden bis zu 10 Millionen
Mal belastet, um das Ermidungsverhalten der Armierungsstibe zu untersuchen. Zudem wurde versucht,
eine mechanische Verankerung flir wiederholte Belastungen zu entwickeln.
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1. INTRODUCTION

Thread-like deformed bars which are formed by hot-rolling are anchored by a
mechanical method. Anchor plates and anchor nuts are used in this method.
Anchorage of reinforcing bars is the result of a coupled effect which consists
of bond stress and bearing stress. Under the tensile stress state of reinforc-
ing bars bond stress occurs between the bars and the concrete, and bearing
stress on the concrete occurs through anchor plates and anchor nuts.

The method described above is different from conventional ones, such as bending
or hook anchorage, and it is very useful for rationalization and saving on the
expense of the field practice of reinforcement. When there are many frames
with the same dimensions and details in concrete structures, for example the
frames of overhead railroad bridges, this mechanical method may be of good use.
Here, fatigue, caused by trains' passing through, should be discussed. However,
there has as yet been little research on the fatigue of reinforced concrete
structures under cycles as high as 107 cycles.

The purpose of this research is to investigate the applicability of this me-
chanical anchoring method to concrete structures under dynamic loads by carry-
ing out fatigue tests, using reinforced concrete L-shaped frames with the me-
chanical anchors in beam-column joints.

2. OUTLINE OF TEST
2.1 Specimens

To investigate the fatigue behaviour of mechanical anchorage in beam-column
joints of reinforced concrete L-shaped frames, six specimens for the fatigue
test at six stress levels, and a specimen for the static test were prepared.
Through the static test the stress of reinforcing bars imbedded in concrete and
deflections of the beams were determined for the fatigue test.

The details of specimens, the list of specimens and the mechanical properties
of reinforcing bars are shown in Fig. 1, Table 1 and 2, respectively.

Dimensions of the beams were 290mm x 470mm (defined as a model with about one
third the scale of actual structures). The flexural tension reinforcement
ratio was 0.89% (four thread-like deformed bars with a nominal diameter of
25mm) . Dimensions of the columns were 500mm x 500mm. The flexural tension
reinforcement ratio was 1.9% (twelve thread-like deformed bars with a nominal
diameter of 35mm). Because of the placement of the bars, when the stress on
the main bars in the beams reached 1,800 kgf/cm2 at the critical section, the
stress on the main bars in the columns went under 500 kgf/cm2 at the critical
section. This is the reason why it was considered that the stress on the main
bars in the columns was to be under a quarter of the allowable stress of rein-
forcing bars (ft) ignoring the effects of fatigue in the design of the overhead
bridges of super express "Shinkansen" railrocad (under 500 kgf/cm2 in case of
Grade SD35, f£¢=2,000 kgf/cm2).

2.2 Loading and Measuring

The loading point was near the end of the beams as shown in Fig. 1. In the
static test for specimen No. D-AS, load reversals were controlled by the stress
at the end of the top reinforcements of the beams (g0) and the deflection at
the loading peint (98), that is, five cycles at g0 = 1,800 kgf/cmz, five cycles



Y. NAGAI — Y. YAMAGATA — T. KARATSU 473

500

i L 500
g 1 |
S e I r an
ith ] 2 =
~- Main Bar
q{ > = J1s 63112
4-D25, SD3IS
a Stirrup
;?52:' o JIS G3112
i umn nchlur Hu" pl3, SD30
I 1 1l y 1] =
q 5 :
" L o, \nnin Bar
- Main Bl!\ 500
B 3 75 350 5
" :
« - B
- in B
’ ‘ ".Jll‘s :-;112
O 12-D35, SD35
Base
- “ g Hooe
q » J1s 63112
O ©l3, SD30
<
H
Sec., B-R'
L.
.
i 1,600 N
Fig. 1 Details of Specimens (in mm)
Table 1 List of Specimens
Beam Column
Flexural Flexural
tension Web tension Web
rein- rein- rein- rein-
forcement forcement forcement| Forcement
Specimen | Loading Main ratio ratio Main ratio ratio
No. pattern bars (%) Stirrups (%) bars (%) Hoops (%)
pl3
D-AS Static Spac:::ﬁ)
4-D25 D13 12-p35 D iy .
Thread | 0.89 | Spacing| 0.88 | Thread | 1.91 PPeE 100[ *F%0.51
[Partial bar 100 mm bar Mid. 200|mid.
D-Al%v 6 |pulsating Lower I.oweo-25
fatigue 100 6.51

Table 2 Mechanical Properties of Reinforcing Bars

Section | Yield Tensile | Elonga- | Young's
area strength | strength tion modulus
size | Grade | ( om? ) kkgt/omd) [(kgt/emd| (%) [FRO2 o)
D35 SD35 9.57 3,950 5,750 32.4 2.06
D25 SD35 5.07 4,090 6,000 27.8 2.07
D13 SD30 1.27 3,520 5,410 28.1 2.10
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at g0 = 0y (0y = yield stress of rein-
forcing bars), to ¢§ = 75y (6y = yield
deflection defined as the deflection
corresponding to yielding of top rein-
forcements) .

In the fatigue tests for specimens No.
D-Al v A6, repeated loacds by partial
pulsating were applied at six stress
levels by the electro-hydraulic fatigue
testing machine (Photo. 1).

Deflections at the loading point,
strains in the reinforcing bars and
crack patterns were measured.

3. TEST RESULTS AND DISCU53ION
3.1 Sstatic Test

I'ig. 2 shows the load-deflection re-
lationship obtained from the static
test for specimen No. D-AS. Fig. 3
shows the measured strain distribution
through the main bars of the beams and
the columns ((a): at 0 = 1,800 kgf/
cm?, (b): g0 = Oy). TFiqg. 4 shows the
crack patterns under the yielding
state of the beam (at § = 4¢,).

Photo. 1 Test Set-up

Typical flexural behaviour is represented in the load-deflection curve (Fig. 2).
That is to say, the stiffness decreased a little when flexural tension cracks
appeared. Yielding of the top reinforcements of the beam occurred and simulta-
neously the beam yielded. After that the frame showed much ductility.

30 |

20 + —
T 1 §
I ~a

P (ton)

10 —_—

Load,

| 1 1 1

0 10 20 30 40 50 60 70

Deflection, & (mm)

FFig. 2 Load-Deflection Curve (Static Test)
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The strains in the top re-
inforcements in beam-column
joints show triangular dis-
tribution which indicates
almost no stress at the
anchor nut. This proves
that the anchorage of re-

e—e Main Bar of Column

Main Bar
of Beam 51ooo ke

inforcements was performed
completely under cyclic
loading at either o = 1,800
kgf/cm2 or g0 = Oy. And the
strains in the main bars of
the column remain at the
level of 200 x 107% (4,0 < 500

kgf/cm2) when the stress of L B e
the beam was 1,800 kgf/cm2 (a)at:;=mogmfﬂmz (b) at sc=0y
in Critical Sec. in Critical Sec.

(Fig. 3). This shows very
clearly that the stress
transmission from the beam
to the column was performed
smoothly by this mechanical
anchorage.

3.2 Fatigue Test

Table 3 indicates the results of the
fatigue tests for specimens No. D-Al "V
A6 which were carried out at six ampli-
tude levels.

The stress on the bars was determined
by using the results of specimen No.
D-AS and the results of the standard
tensile test of reinforcing bars in

the air. Table 4 indicates the results
of the fatigue tests for reinforcing
bars with a nominal dia. of 25mm and
Grade SD35 in the air as compared to

in concrete.

Several cracks were observed in the

beams of each specimen and their dis-
tribution was almost the same. Diagonal
cracks did not appear in the concrete
web panels of the joints. As a matter

of course the top reinforcements of the
beams fractured near the critical section
(see Photo. 2).

Fig. 5 shows the S-N relationship be-
tween stress amplitude (Og) in ordinate
and number of cycles to failure (N) in
abscissa. In the diagram the '@' shows
the test results in concrete and the
'()) those in the air.

Fig. 3 Strain Distribution
through Main Bars in
Static Test

P ‘ /}‘ (f:jz:

Fig. 4 Crack Pattern
(at 6=46y)

Photo. 2 TIracture Surface of Bar
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The fatigue strength of bars imbedded in concrete was 18.0 kgf/mm2 at 2 x 106
cycles, and 17.0 kgf/mmz-at 107 cycles., There is no significant difference
between the test results in concrete and those in the air.

Fig. 6 shows the strain distribution through the top and bottom reinforcements
in the beam of specimen No. D-A2, which was measured at the upper limit stress
of the first, of the 50 x 103th, then of the 100 x 103th and finally of the
200 x 103th cycle. According to Fig. 6 the strains in the reinforcing bars in
the joints were nearly constant, independent of the increase in the number of
cycles and they were about zero at the end of anchorage. This shows that the
deterioration of the performance of the anchorage in the joints never occurred
and the reinforcing bars didn't slip even under dynamic-repeated loads.

It may be concluded that this mechanical anchorage with thread-like deformed
bars, anchor plates and anchor nuts is excellent and appropriate from the point

Table 3 Results of Fatigue Tests (in Concrete)

Number
Stress of bar of
Concrete . oat X Repeti- | cycles
compres— I‘t)ad critical gectxon tion to
sive ( tomt ) ( kgf/mm< ) trequ- failure
Specimen [Strength ency (x103 )
No. (kgf/cm”)| P max. P min. 0 max. g min. OR ( Hz ) cycle
D-Al 409 22.6 © 1.0 28,17 1.17 27.00 1.5 172
D-A2 360 20,0 1.0 24.89 1.17 23,72 1.5 559
D-A3 413 17.1 1.0 21.19 1.17 20,02 1.5 798
D~A4 364 16.3 1.0 20.17 1.17 19.00 1.5 1,470
D-AS 428 15.4 1.0 19.16 1.17 17.99 2.5 8,380
ver
D-a6 416 13.5 1.0 17.17 1.1% 15,00 2.5 10,000
Table 4 Results of Fatigue Tests (in the Air)
Number
of
Load Stress of bar Beperi- [Cyclen
(ton) (kgf/mmz) tion to
Section frequency| failure
Specimen area x103
No. (rm?2) P max, P min. C max. 0 min. ggp (Hz) (cycle)
S-Al 15.0 0.1 29.6 0.2 29.4 S 224
§-A2 14,2 0.1 28.0 0.2 27.8 5 289
S-A3 506.7 13.2 0.1 26.0 0.2 25.8 8 428
S=-a4 12,0 0.1 23.7 0.2 23,5 8 692
S-AS5 11.2 0.1 22,1 0.2 21.9 8 1,226
S-A6 4 . 20. 3 . over
10.3 0.1 0.3 0.2 20.1 10 2,220
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Fig. 5 S-N Diagram

of view of structural perform-
ance, and that the mechanical
device for anchoring reinforce-
ments is applicable to structures
under repeated loading, such as
overhead railroad bridges, as a
result of the high efficiency in
field practice.

4. SUMMARY AND CONCLUSIONS

—
o
1
-1000 0 1000 20004

The fatigue tests using reinforced
concrete L-shaped frames with
mechanical anchors in the beam-
column joints were carried out in
order to make clear the fatigue
strength of bars and performance
of anchorage in concrete structures
under dynamic loads. On the basis
of the test results presented here-
in, the following conclusions can
be made;

ﬁb

—

at the

—\

Fig. 6

..... at the
—-— at the
—--— at the

-160¢ 0 1000

lst cycle
20x10°th cycle
100x103th cycle
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Strain Distribution through

Main Bar of Beam
(Fatigue Test)

— The mechanical anchoring method conducted surely the L-shaped frames to the

mode of flexural failure in the beams.

- The fatigue strength of the bars imbedded in concrete is nearly equal to that

of those tested in the aijir.

- The fatigue strength of the bars imbedded in concrete is 17,0 kgf/mm2 at 107

cycles.

- The deterioration of the performance of the anchorage in the joints never

occurred.
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- It was clarified that the mechanical anchoring method was applicable to con-
crete structures subjected to dynamic loads.

NOTATIONS

P applied load €y strain in steel bar at yielding
N number of cycles to failure o stress

f+ allowable stress of steel bar 50 stress on steel bar

8 deflection at loading point Oy yield stress

Sy yield deflection Or stress amplitude

REFERENCES

MIYAZAKI, S., INOUE, H.: Building Requirements of Concrete Structures in TOHOKU-
SHINKANSEN, Building Ccde of JNR, No.37, Mar., 1971.



A 479

Miami Guideway: Testing of Prestressed Twin-Tee Girders
Voie ferroviaire de Miami: essais de poutres précontraintes

Miami Guideway: Versuche an vorgespannten zweifach-T-T'régern

S. DHONDY

M. Sc.

Carr Smith & Assoc.
Miami, FL, USA

SUMMARY

Over 2 300 precast, pretensioned, twin-tee guideway girders are being fabricated for Miami’s Rapid
Transit. Two full size, 85-tonne girders were precracked with 60% overload and then subjected to

6 million cycles simulating 60 years of service life under combined bending, shear and torsion. No
crack propagation was observed; this exemplary behaviour is due to the “'zero service tension’ design
and stabilized strands.

RESUME

Pius de 2 300 poutres précontraintes a section en T jumelés ont été fabrigquées pour supporter la voie
de roulement du ""Rapid Transit” de Miami. Deux poutres grandeur nature de 85 tonnes furent pré-
fissurées sous une surcharge de 60% et furent ensuite soumises a 6 milfions de cycles simulant 60
années d'utilisation sous flexion, effort tranchant et torsion. Aucune propagation des fissures ne fut
observée; ce comportement exemplaire est d{i au dimensionnement pour des tractions de service
nulles et aux torons faits a partir de fils stabilisés.

ZUSAMMENFASSUNG

Uber 2 300 vorgespannte zweifache-T-Trager werden als Fertigteile fur die Miami "Rapid Transit” her-
gestellt. Zwei der 85t schweren Trager wurden mit 60% Vorlast angerissen und anschliessend dyna-
misch belastet. Die 6 Millionen Lastwechsel entsprechen dabei einer Betriebsdauer von 60 Jahren

unter Biege-, Torsions- und Querkraftbelastung. Dabei konnte kein Fortschreiten der Risse festgestelit
werden. Dieses Resultat ist auf die Tatsache zurlckzufiihren, dass einerseits im Gebrauchszustand im
Betonquerschnitt keine Zugspannungen auftreten und andererseits die Vorspannlitzen aus stabilisierten
Drahten bestehen.
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1. INTRODUCTION

Stage I of the Miami Rapid Transit System, scheduled for operation in 1984, is a
36km, heavy rail 1ine, with more than 34km. of elevated dual-track guideway. The
precast prestressed concrete industry is very active in Miami and this transit
alignment had obvious potential for repetitive span layout. Thus, as expected, a
design and cost study established that the most economical aerial guideway super—
structure would be a two-ribbed, simply supported prestressed girder, one for
each track, precast as a single unit complete with deck slab and end diaphragms,
and transported to job site for erection by cranes, one crane in most cases.
Optimum spans were set at about 24m and over 2300 standard girders are required.

As an alternate to the conventional, relatively costly, single-cell box girder
with its expensive inside formwork and complex concreting operation, the Consult=
ing Engineers (Kaiser Transit Group) introduced a large precast pretensioned
double tee as a guideway girder; this was a 'first' for any U.S. transit system.
Besides an impressive saving of over 25% in fabrication cost, mainly due to
fixed forms and simple concreting and stripping operations, the open-bottom
section was also preferred architecturally as it imparted lightness compared to
the massive look of the closed box, supported on relatively short columns.

2. OBJECTIVES OF DEMONSTRATION TESTS

It is prudent to design any guideway girder to have sufficient torsional and
flexural strength and ductility to resist abnormal torsional and impact overload
caused by the extremely rare case of eccentric loading, initiated by high speed
derailment. Under such preset 'design' condition(maximum transverse eccentricity
of 92 cm. and arbitrary 100% impact for Miami system), the girder should not
crack extensively and remain 'serviceable' thereafter, hopefully without any
repairs or with minor repairs. Adequate torsional and bending stiffness and
adequate fatigue resistance of girder under repetitive operational (service)
dynamic moving loads causing combined bending, shear and torsion are principle
criteria of 'serviceability', both for uncracked and cracked girders.

Before the design could be safely endorsed for competitive bidding, test
verification was required of all the criteria defined above, and also the
following most important design and fabrication aspects:

-Verification of complex elastic (precracking) and postcracking mixed torsion
(St. Venant and warping torsion)analyses by special torsion consultant Dr.T. Hsu
[1], predicting girder behaviour under operational and derailment loading.

- Verification of design and reinforcement detailing of articulated ends (dapped
for one-half overall depth) required for nearly 30% of the girders.

- Verification of an exhaustive analysis computing loss of prestress in Miami
environment. Adequate fatigue resistance of the girder was ensured by a design
prohibiting any longitudinal flexural tension in the bottom fibre under 'normal’
operational load (89% of crush live load and coexisting nosing and centrifugal
forces)and permitting a small bottom fibre tensile stress of 1240kN/m2(180psi)
for the very rare case of 'abnormal peak' operational load (100% crush live load
maximum nosing and centrifugal forces and peak prevailing winds of 100kmph). Any
significant underestimate of loss of prestress will lead to pronounced violation
of 'zero service tension' design criterion of fatigue resistance which ensured
that cracks due to accidental overload would not reopen under normal loads.

- Verification of stress concentration effects in concrete and steel at and
between hold-down points. Fig. 1 is detail of a 'hold-down' located at each of
4 deflection points (0.37L & 0.63L in each stem) of the harped strands; these
hold-downs anchor tensioned strands to form and stressing bed.
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The 54-12.7mm dia. 1,860MN/m2 stabilized pretensioned strands were divided

into 6 vertical columns (3 per stem) of 9 strands each, in contact with each
other between hold-down points; the strands are progressively spaced apart to
provide a clearance of 85mm between strands at girder ends. Strand contact
between hold-downs introduced considerable economy by attaining gain of
eccentricity of prestress in the bulbless stem. This hold-down detail was used
in the 3 test girders and over 1000 girders fabricated up to October '8l. Some
engineers felt that the sharp radius of bend at deflection points and the
possible rubbing of contact strands over each other may reduce ultimate and
fatigue strengths. Yet, the designers were convinced that the 'zero service
tension' design and the very small calculated stress fluctuation in the
uppermost strands, with the sharpest radius of bend of 17mm and a deflection
angle of only 0.12 rad. would guarantee adequate fatigue resistance; note that
the second row of strands from bottom had a radius of bend of 110mm (8.7d) for a
deflection angle of only 0.01 rad. and a calculated stress fluctuation of only
70MN/m2(10ksi). The fatigue behaviour of stabilized strands has been
established to be significantly superior to stress-relieved strands [2]. The
precautions of using stabilized strands and adopting a 'zero service tension'
design were strong antidotes used in light of reported fatigue fracture of
stress-relieved strands after subjecting precracked State of Louisiana AASHTO
type Il test beams to only 3 million cycles_of repetitive loads creating a
design concrete tensile stress of 3100 kN/m2 (450 psi) [3]; the calculated
strand stress fluctuation of 62MN/mé (9ksi) matched the calculated value of

the Miami girders closely, _whereas the calculated minimum strand stress of
Louisiana girders (980MN/m2 = 142ksi) was 10% lower than the Miami girders.

To summarise, the test objectives were to verify all design methods, to confirm
fabrication details and to verify the dynamic behaviour of the girders. After
extended discussion, it was determined by a blue-ribbon review panel of well-
known U.S. experts that only full-size girder testing, as opposed to 1/4 or 1/2
scale models, would yield convincing results for the complex issues involved. As
immediate short-term savings of over 10 million dollars were envisaged, and in
view of the potential for tapping multiple amounts in future transit systems, a
grant of U.S. $350,000 was sanctioned from Research and Design funds of U.S.
Department of Transportation for Fabrication and Demonstration Static and
Dynamic Tests of two full-size girders and monitoring of a third full-size
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companion girder for camber and loss of prestress in Miami environment. This
paper gives highlights and some details of fatigue testing under repetitive
dynamic cyclical loading, tests which are reputed to be the most exhaustive
tests in the world on such Targe full-size girders.

3. TEST SPECTRUM

Special consultant, Dr. J. Fisher of Lehigh University, assisted the Engineers
(KTG) in developing suitable test loading spectra of constant stress cycles,
which would represent the actual variable stress spectrum of the rapid transit
girder. To reduce testing time and costs, it was imperative to reduce the test
spectrum to a maximum of 6 million cycles of loading (28 days of continuous
loading at 2.5 Hertz average) imposing on the test girder the same cumulative
damage as the 16.3 million cycles of actual loading; some basic operational data
and the logic of Dr. Fisher's approach [4] is summarised in this chapter.

3.1 Actual Stress Spectrum

The transit system is designed for operation of 2, 4, 6, and 8-car (future
option) trains, each 22.85m long; moving on two dual-axle trucks spaced 16.45m
apart, with 2/4 car trains used for off-peak and mid-peak hours and 6/8 car
trains used for peak hours. Progressive preliminary operating schedules over the
projected life of 60 years were analyzed to develop the fatigue design criterion
that the girder should sustain loading of 3 million 6-car trains and 1.3 million
2-car trains. Note that for fatigque design purpose, on the conservative side,
only 6-car trains were used for peak and mid-peak hours, as these trains cause
more cumulative fatigue damage than 8-car trains, for the same total number of
cars crossing a girder in any given time. This comparison is based on the
premise that a (x+1)- car train with (x) couplers will cause a total of(x)cycles,
two 'major' or 'high-loading' cycles (one each on loading and unloading) with
maximum fluctuation of strand stress/bending moment/deflection and (x-2) 'minor'
or 'low-loading' cycles with only 57% maximum stress fluctuation, neglecting two
very minor stress fluctuations; based on Miner's Rule of Cumulative Damages and
a conservative low value of n = 3 for the slope of the log S - Tog N curve, the
total cumulative damage of a (x+1)- car train is that due to [2+(x-2)(0.57)3]
major cycles. These general equations are invalid for a 2-car train which
creates only one major cycle and no minor cycles; thus, sixteen 6-car trains (96
cars/hour at 3-3/4 mins. headway) would create the cumulative damage of about 41
major cycles, compared to 35 major cyles for twelve 8-car trains (96 cars/hour
at 5 mins. headway) handling the same volume of passenger traffic. On this
basis, the fatigue design loading of 3 million 6-car trains and 1.3 m. 2-car
trains, created 7.3 m. major and 9 m. minor cycles or a major:minor distribution
ratio of 55:45. Further the design load distribution specifies 3 subclasses:

- 125,000 six-car trains of abnormal crush load (250 passengers/car), each car
weighing 52.4 tonnes (100%), including empty car weight of 35.4 tonnes.

- 1,075,000 six-car and 500,000 two-car trains of 'normal’ full load (166
passengers/car) with loaded car weight of 46.7 tonnes (89%) per car.

- 1,800,000 six-car and 800,000 two-car trains of 'mid-peak' load with Toaded
car weight of 40.7 tonnes (78%) per car.

The 'zero service tension' design criterion applies to 'normal' full loading.
The 3 subclasses, when combined with the 57% ratio of major:minor cycle load
fluctuation, give an actual spectrum of fatigue load consisting of 6 load ranges
(100%, 57%), (89%, 51%) and (78%, 45%), where 100% load or moment fluctuation
range is 2827 kN-m (=1.0M)for the major cycle due to abnormal crush Toad. Using
the preceeding equations, the actual spectrum consists of 0.25m. cycles of 1.0M
moment range, 2.65m. cycles of 0.89M, 4.4m, cycles of 0.78M, 0.38m. cycles of
0.57M, 3.3m. cycles of 0.51IM and 5.4m. cycles of 0.45M, a total of 16.3m cycles.
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3.2 Fatigue Testing Load Spectra

The basic concept used for the transformation of the actual stress spectrum into
equivalent testing load spectra is Miner's Rule of Cumulative Damages predicting
specimen fatigue failure when the cumulative total 4£fiN; equals unity,

where fj=number of applications of stress range S; in the spectrum, and
N;=number of cycles of this same range Sj which alone will cause fatigue failure.
When the well-known linear logS-logN relationship (slope=n)for various stress
ranges S; is superposed on Miner's Rule, it can be easily established that any
two loading spectra having equal cumulative indices of (£f; S;") will cause the
same degree of fatigue damage in the specimen. Note that although values of
n=3.56 and 4.53 have been derived from previous tests, a lower value of n=3 was
selected, as the consequently steeper slope gives a larger number of test cycles
of amplified loading. Further, bending moment fluctuation rangeAM was used in
place of stress-range S; so that the Index of Cumulative Damages for the actual
and test loading spectra was taken as £f; (AM)3 which totalled (114.5x10)(MN-m)2
for the actual variable stress spectrum defined in 3.1 above. The following 3
equivalent test loading spectra were determined to generate the same index.

Test Spectrum|Total No.of Cycles|No.of Cycles-Range M|No.of Cycles-Range 0.89M

Alternate A 5.05 Million 5.05 Million None
Alternate B 6.00 Million 3.20 Million 2.80 Million
Alternate C 7.07 Million 0.25 Millien 6.82 Million

A cycle of range M=2.827MN-m corresponds to the moment fluctuation range of the
major cycle caused by 100% abnormal crush load, whereas the (0.89M) fluctuation
range cycle corresponds to the major cycle of 'normal' full loading. Note that
the substitution of(S;j) by{@M) in the equation for Index of Cumulative Damages
is permitted because of the linear relationship between fibre stress and bending
moment over virtually the entire loading range concerned. Based on uncracked
section properties, the maximum bottom fibre tensile stress under 100% abnormal
crush load is only about 800kN/m2(120psi), including the longitudinal tension

in the bottom of one stem of the girder due to warping torsion bimoment created
by coexisting additive tramsverse horizontal forces (nosing, centrifugal force
and a sustained wind of 20 kmph). Thus, even if the section has been previously
¢cracked by an extreme overload, the reopening of the crack under 'abnormal crush
load' will be very small and the penetration of the crack will be very shallow.
In this way, it was reasoned that treating the behaviour as linear throughout
would introduce only negligible errors, on the conservative side, in determining
alternates A and B; of course alternate C, which retained the 0.25m. cycles of
range M, would generate more exact equivalence between actual and test spectra.

4.0 FABRICATION OF TEST GIRDERS

Figs. 2 and 3 give the cross-section and one-half longitudinal section of a
prototype standard girder designed for tangent track with webs stiffened by a
midspan diaphragm and dapped end diaphragms, all precast as a single unit. Three
full-size test double-tees, 24.34m long by 3.66m wide by 1.52m deep were made to
dimensions identical to the prototype with the exception that the complex
contoured top surface, with edge curbs and recesses, was replaced by a level
surface {shown dotted in Fig.2) to facilitate installation of test loading
equipment and to reduce cost of fabrication; this minor change made a nominal
difference in the critical flexural stress history of the bottom fibre. The test
girders were fabricated by Stresscon, Miami, using a special, relatively
inexpensive, self-stressing concrete and steel form. Although Miami did not have
a suitable testing laboratory, the test girders were made in Miami rather than
at a casting yard near five potential laboratories located in California,
I[11incis, Pennsylvania and Texas, due to the following reasons:

- The 2,300 prototype girders would most 1ikely be made in Miami using local
South Florida oolitic Timestone coarse and fine aggregates for the concrete.
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-Fabrication of test girders outside South Florida necessitated shipping of
local aggregate to a casting yard near the potential testing lab, to match
relatively low moduli of elasticity and rupture and high specific creep strain
of oolitic concrete. Also, one test girder (No. 1) would have to be shipped to
Miami to simulate actual storage conditions of temperature and humidity.
-Inspection for total conformance of details and specifications was essential.
-Total costs were the least for girders made in Miami and shipped to test 1ab.

The strands of test girder No. 1 were initially tensioned to the full design
value of 130 kN per strand between hold-downs, as per prototype design, computed
to give corresponding prestress of 101 kN after all losses. Strands of test
girders No. 2 and 3 were initially tensioned to lower values of 123 kN and

127 kN respectively, computed so that prestress available at the scheduled time
of commencement of fatigue testing, is 101 kN per strand.

The following special test equipment was incorporated in the test girders:

~-Load cells mounted on the strands between anchorage and stressing abutment
monitored loss of tension between initial tensioning and start of transfer of
prestress. Thereafter, the actual loss of prestress was computed from change in
strain recorded by Whittemore and Demec demountable mechanical strain gauges,
applied to surface discs preglued on gauge lengths, located on both webs at the
c.g. of strands and 3'-6" either side of midspan. The observed readings were
compensated for changes in temperatures of the concrete surface and the gauges.
~-Twentyfour SR-4 electrical resistance strain gauges were epoxy glued to the
first, second, fourth, sixth and top row of the inner column of tensioned
strands of both webs of test girder No 2 only; these strain gauges were also
located 3'-6" from midspan. Five of these gauges were continuously monitored
during the fatigue test. To force cracks at gauge lengths, a crack former steel
plate was placed at each location between web soffit and underside of strands.
~-Thirtyone SR-4 gauges were epoxied on stirrups in stems between 0.05L and 0.20L
and in an end diaphragm (0.0L) of test girder No 3 only.

5.0 DYNAMIC TESTS

Transportation of girders from Miami to California or Pennsylvania presented
almost insurmountable problems. After extended evaluation of all parameters, it
was decided to test Girders Nos. 2 & 3 at Portland Cement Association, Skokie,
I11inois; these girders were transported by rail from Miami to Skokie siding.

5.1 Test Loading and Monitoring Equipment

Two MTS 490 kN (110 kips) actuators, each representing loading from a dual-axle
truck located nearest the coupler of a pair of married cars, were used for
repetitive loading. The piston of each actuator was clamped to the girder as
shown in Fig 4; note that swivel heads were used at top and bottom ends of the
actuator and connected to steel cross heads, with the top cross head clamped to
the girders by tie-rods and the bottom cross head anchored to Taboratory floor.
This efficient arrangement enabled use of the available actuators and reduced
the cost of the hydraulic system. For girder No. 2, with actuators located
3.20m on either side of midspan, each tie-rod was prestressed to 266 kN and thus
will not affect the results of the symmetrically loaded girder with 'coupler at
midspan'. However, as the coupler is located at 0.21 L for girder No 3
providing unsymmetrical load, the rods were not prestressed, but a different
clamping system devised to avoid external prestressing forces on the girder
webs. The girder is under flexure and vertical shear when the centre-lines of
the actuator and the girder are aligned; transverse 'eccentricity' of the girder
makes P and P2 unequal and then the girder is also subjected to torsion.
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The computed first mode natural frequencies of the girder, without the mass of
the design superimposed load which was applied as external test loading, are 4.5
cycles per second in flexure(vertical impulse) and 5.9 cps in torsion(horizontal
impulse) ignoring, on the safe side, warping torsion stiffness. The 490 1pm
(120 U.S. gpm) hydraulic system was estimated to move enough 0il to pulsate
girder No 2 at 2.4 to 2.7 Hertz under maximum loading, with a calculated dynamic
deflection range of 18 mm, and to pulsate girder No. 3 at 3.0 to 4.0 Hz with a
smaller deflection range; so, no resonance problems were expected. However,
during testing of girder No 3 at 3.3 Hz, there was some minor resonance with the
laboratory building and this particular frequency was avoided thereafter.

Precracking of girder No 2, preceeding flexural fatigue testing, was done with
loads applied at 0.37 L and 0.63 L through a system of cross heads and the rods,
without using the actuators. Precracking of girder No 3, which required larger
loads applied at 0.08 L and 0.34 L to produce cracking, was done by using the
actuators together with an auxiliary ram applying lToads through cross-heads.

Monitoring of fatigue tests was done as follows:

-Cracks were marked with black felt tip pens, photographs taken and widths
measured by illuminated hand microscopes.

-Demountable mechanical strain gauges were used to compute available prestress.
-A linear variable differential transformer (LVDT) was attached to brackets
glued to the concrete surface on either side of the worst crack of girder No. 2.
-A six-channel Sanborn strain recorder monitored SR-4 gauges and LVDT.

-Minimum and maximum loads, corresponding deflections sensed by 50mm travel
potentiometers, and cyclic frequency were registered on MTS digital indicators.
-During precracking, data from load cells, rotation gauges, potentiometers and
SR-4 gauges was recorded by a Vidar digital data acquisition system and fed into
a mini-computer for conversion into engineering units.

5.2 Test Loading of Girder No. 2

This is a test Toad creating maximum flexure with corresponding shear and
torsion. The girder was precracked under a total symmetrical load of 1192 kN,
applied equally to both webs at 0.37L and 0.63L, which equals superimposed dead
load plus 1.6 times abnormal crush load including impact. This overload cycle,
which caused several cracks up to 0.5m long and 0.15 mm wide within the constant
moment zone, was repeated 5 times to stabilize strand movements. Thereafter,
this girder was subjected to 6 million cycles of loading as per test sprectrum
alternate B; transverse eccentricities imposed torsion as required and direction

.
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of torsion was reversed after 50% of the cycles. There were 6 loading stages,
with maximum moment range cycle 1.0 M used for the commencement and at the end
of the test. The large mass of the girder necessitated a dynamic correction
accounted for by controlling the loads such that the deflections produced by
cyclic loading matched measured minimum and maximum static deflections of both
webs. Control static deflections were remeasured several times.

5.3 Test Loading of Girder No. 3

This load created maximum combined shear stress (due to vertical shear and

St. Venant torsion) with coexisting flexure. Precracking loads of 436 kN were
applied through each of the two actuators kept at 0.08L and 0.34L, augmented by
an auxiliary load of 427 kN applied at 0.375L. This process produced several
flexural cracks between 0.28L and 0.44L, the largest being about 0.6 m long and
0.2 mm wide. Thereafter, the auxiliary load was removed, actuator positioned to
required transverse eccentricities and the girder subjected to 5.05 million
cycles of 100% crush Toading with coupler Tocated at 0.21L (Test Spectrum A).

6.0 FATIGUE TEST RESULTS
6.1 Test Girder No. 2

Results of fatigue test on girder No 2 are summarized below:

-Static deflection tests conducted periodically during fatigue testing showed no
apparent deterioration of flexural stiffness.

-The maximum crack width of 0.035 mm under maximum moment range increased to
only 0.05 nm after 6 million cycles of loading.

-The maximum measured strand stress increase was about 50 MN/m2 (8ksi)

matching calculated values closely.

-After fatique testing, the girder was subjected to a static load equal to 2.25
design derailment load or 1.6 times the required ultimate strength. Figure 5
is a photograph of the twisted girder at incipient failure.

6.2 Test Girder No. 3

Results of fatigue test on Girder No 3 are summarized below:

~-There was no apparent deterioration of torsional or flexural stiffness.
-Flexural cracks did not propogate during the fatigue test.

-Measured stirrup strains showed that concrete did not crack in combined shear.
~-Ultimate strength was 2.5 times derailment load with coupler at 0.21L.

7.0 CONCLUSION

Flexural fatigue resistance was fully established by Girder No 2. Test data
provided by Girder No 3 clearly established torsional fatigue resistance.
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SUMMARY

Fatigue analyses were carried out on three types of oil production platforms and a pontoon type huli
using a North Sea wave climate. Two types of floating wave energy converters were analysed using a
North Atlantic wave climate. Fatigue criteria were only important for oil production platforms at
stress concentrations and on components sensitive to smaller waves. However, they have a strong in-
fluence on the design of main members of wave energy converters and make a reinforced concrete hull
uneconomic.

RESUME

Des analyses de fatigue ont été effectuées sur trois types de plateformes pétroliéres et sur une coque de
bateau-panton sollicités par un régime de vagues type Mer du Nord. Deux types de convertisseurs d'éner-
gie flottants ont été sollicités par un régime de vagues type Atlantique Nord. Les critéres de fatigue pour
les plateformes pétroliéres ne se sont révélés importants que pour les concentrations de contrainte et
pour les éléments sensibles aux petites vagues. Cependant, ils ont une forte influence sur la conception
des éléments principaux des convertisseurs d'énergie des vagues et ils rendent une cogue en béton armé
non économigue,

ZUSAMMENFASSUNG

Es wurden verschiedene Ermidungsuntersuchungen durchgefiinrt, namlich an drei Erdolplattformen
und einem pontonartigen Schiffsrumpf, wobei ein Nordseewellenklima verwendet wurde. Fur zwei ver-
schiedene schwimmende Wellenenergiewandler wurde ein Nordatlantikwetlenklima angenommen. Bei
den Erdéliplattformen spielten die Ermiidungskriterien nur an Spannungskonzentrationen sowie an
gegen kleinere Wellen empfindlichen Bauteilen eine Rolle. Bei der Konstruktion der tragenden Bauteile
von Wellenenergiewandlern gewinnen sie jedoch stark an Bedeutung und machen einen Eisenbeton-
rumpf unwirschaftlich.
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1. INTODUCTION

The design study described in this paper was undertaken as a part

of the Concrete in the Oceans programme funded by the Department

of Energy and the UK Offshore Industry, to determine how serious a

problem fatigue is in the design of offshore structures. It is

published by permission of the Management Committee. The

structures analysed are shown in FIGS 1 and 2. They are:

- Prestressed and Reinforced Concrete Tower Platforms

= Prestressed Concrete Articulated Column Platform

= Prestressed Concrete Pontoon Hull for Petrochemical Plant

- Wave Energy Converter (WEC) with a Reinforced Concrete Raft
Hull

- Wave Energy Converter (WEC) with a Prestressed and Reinforced
Concrete Spine Hull

This paper outlines the methods used and the assumptions made, and

summarises the main conclusions. A fuller version of it is

contained in reference [1].

2. LOADING

In the fatigue calculations only wave loading has been considered
as fluctuating because it created the most arduous conditions.
However, in more rigorous analyses it may be necessary to consider
additionally several combinations of fluctuating loads from
currents, wind, hydrostatic pressures, temperature effects,
machinery, plant and moorings.

The stresses for various levels of loading were calculated
deterministically for the oil platforms and pontoon hull, using
eight blocks of waves which describe the wave climate in the North
Sea. Their range and occurrences for a 100 year period are
plotted in FIG 4(i). Damaging stresses in a structural detail
may only be caused by waves from a limited number of directions,
so the simplifying assumption has been made that only 50% of the
waves pass in the particular directions most critical to the
detail under consideration.

For the raft form of the wave energy converter, FIG 2(a), the
loading is obtained from the wave height/exceedance data for the
North Atlantic near the island of South Uist off the west coast of
Scotland [2]. The number of occurrences, n, in a period of 25
years derived for each block with a mean wave height, H, is given
by: Log n = 8.5 (1-H/23.5) - (1)

The shorter return period of 25 years reflects the shorter nominal
life of wave energy structures compared with petrochemical
structures. No reduction for directiohality is taken, as the
directional spread for the larger waves is likely to be confined
mainly to the forward quarter directions because of the location.
Greater directional spread may be expected from smaller waves but
the panel loadings which they produce are not strongly dependent
on heading to the waves,

In the case of the wave energy converter with the spine hull, FIG
2(b), a spectral analysis was undertaken based on the response in
bending of a hydrodynamic model to random fully developed seas,

with a Pierson-Moskowitz spectrum and suitable spreading function,

in a three dimensional wave tank.
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From this analysis a bending moment exceedance curve was produced

and this was used to determine the most probable number of stress
occurrences in any given period of time.
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3. FATIGUE CHARACTERISTICS OF MATERIALS

3.1 Concrete Smax-Smin.

If the fatigue strength MN/m? )
of normal portland \
cement concrete is \
expressed as a fraction 400 4 R2-TNO.Curve
of the static strength,
So,it can sustain
repeatedly for a given
number of cycles, then 300 4 R1-DNYV. Curve
this strength is
essentially the same
whether the stress \\\\
regime is tension,com- 200~
Pression or flexure. 4 R1
The S-LogN or Wohler . _l;
curve of normal port- T \ T
land cement concrete 1004 i \\

RN

in tension, compression R3 (Concrete in

and bending, is approx- \Q\‘fheOmmw)
imately linear, as also S~

is the Goodman diagram, 0 \\(R1u

so that they can.be re- 1 2 3 &L 5 4 7 8 é 10 logyp N
presented by a single |
diagram for which the FIG.3  S-N CURVES FOR STEEL REINFORCEMENT
equation is:

Log N = C(1 - (Smax-Smin)/(So-Smin)) - (2)

Where Smax and Smin = Maximum and minimum of stress range, Sr,

S0 = factored static strength
= o fk/ym
o = stress gradient factor (unity for uniform stress)
fk = characteristic strength
ym = partial safety factor for materials

The calculations were carried out for two forms of this
relationship. One based on TNO procedures [3], with C = 12,6 and
an endurance limit at N = 2 x 10% of (Smax-Smin)/(So-Smin) = 0.5
[Curve Cl1l in FIG 4 (iv)]. The other is based on DNV rules [4],
with C = 10 and no endurance limit [Curve C2 in FIG 4 (iv)].
Curves V1 and V2 used for shear calculations are similar to Cl and
C2 with shear force replacing tensile or compressive forces.

3.2 Reinforcing Steel

The S-LogN curves given in design codes take the forms of R1 (DNV
ref [4]) and R2 (TNO ref [3]) (FIG 3). The equation for Rl is:

Log N = 6.5 - (2.3(Smax~-Smin)/S0)-0.002 Smin = (3)
where So = fsy/gm

fsy = yield strength of steel
It has an endurance limit of (Smax-Smin) = (l65/rm) - 0.33 Smin,.

The equation for R2 is:
Log N = 8.4 (l-(Smax-Smin)/400) - (4)
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Recent experimental work on the fatigue of reinforcement in
concrete beams subject to bending and immersion in sea water,
carried out as part of the Concrete in the Oceans programme,
demonstrated the influence of crack blocking and corrosion [5].
The results fit a linear LogN-LogS relationship of the form:

Log N = 17.464 - 4,83 Log Sr - (5)
where Sr is the initial stress range, The 97.5% survival limit
is given by:

Log N = 17.088-4.83 Log Sr - (6)

Curve Rla is a suggested compromise for a design curve whose upper
portion is the same as Rl (DNV rules) and whose lower portion lies
between R2 (TNO procedures) and R3, without a fatigue limit. The
equation of the lower portion is:

Log N = 9-0.0237 (Smax-Smin) - (7)

3.3 Prestressing Steel

Only fully bonded prestressed designs have been considered in this
analysis with the concrete section remaining uncracked, except for
a single occurrence of extreme loads. Taking a modular ratio in
the range of 4.5 to 7, the stress ranges in the tendons usually
fall below the values regarded as significant for fatigue
according to present rules [4][6]. The question may be raised
whether complete bonding is achieved in practice under difficult
grouting conditions and whether the assumption of full bonding is
appropriate in all circumstances.,

4. CUMULATIVE FATIGUE DAMAGE

The cumulative damage that is suffered as a result of all the
stress blocks, "a" to "h" in FIG 4 is calculated using Miner's

Sum:
i=h
Z ni/NigK - (8)
1 = a

To avoid fatigue problems the value of K must not be exceeded.

For steel members K is usually taken as 1. Tests on plain
concrete have shown that Miner's sum dgives a scatter of values
with a log—-normal distribution with a mean value generally less
than 1 [7]. Waagard suggests that values between 0.2 and 0.5 are
appropriate [8] and DNV rules take the lower value [4].

5. FATIGUE LIMIT STATES

The Miner's sums were calculated for actual designs of several
types of structures shown in FIGS 1 and 2. Some of the analyses
and results are illustrated in diagrammatic form in FIG 4 for
specific conditions and locations. In the deterministic
calculations (FIG 4), wave heights in diagram (i) have been
translated into stresses in the more vulnerable locations in
diagram (ii). These stresses have been combined with frequency,
n, in diagram (iii) and related to S-logN curves in diagram (iv).
The values of n/N for each wave height range are plotted in
diagram (v) and summed for each appropriate fatigue damage curve.
In FIG 4, large values of the Miner's Sum were obtained, but
without the "hot spot" and its stress concentration effect, the
fatigue damage was generally small (see Table 2).
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(i) Wave incidences (100 years)
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For the case illustrated in FIG 4, a simultaneous disadvantageous
change of 20% to the number of waves, the mean stress level, the
stress range, the characteristic strength and the S-N curve
changed the value of Miner's Sum by five orders of magnitude.
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In the spectral analysis of the spine hull the input of load
effect is in the form of bending moment or shear force
occurrences. This has been translated into effective stress
ranges for various values of the partial load factor, Yyf.
Calculated fatigue damage was plotted logarithmically against yf,
to show that a load factor in excess of 2.04 would be required to
satisfy the criterion of n/N $0.2.

6. CONCLUSIONS

The main results of all the analyses are summarised in Table 2.
In general terms, fatigue strengths of the oil platforms and
pontoon hull were adequate, except perhaps at stress
concentrations and in components that may be as sensitive to the
action of small waves as to the action of large waves.

Floating wave energy structures are more vulnerable to fatigue.
Prestressed hulls suffered little fatigue damage under overall
bending, but areas which are difficult to prestress, such as
corners, where the strength may be provided by conventional
reinforcement, may be critical. Hulls made of reinforced
concrete will require a substantial increase in the proportion of
reinforcement to avoid premature fatigue damage and the need for
welding and lapping of bars for economical construction will
exacerbate the fatiqgue problem and make such structures
impracticable,
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TABLE 2 SUMARY OF FATIGUE DAMAGE CALCULATIONS

Fatigue Damage n/N
_ . Stress ) Concrete Reinforcement Tendon
Structure Material Location nc., Period r
Factor | Years fk ] C1 [ C2 RL Rla | R2 R3 MN?m2
MN/m2
Towey Prestressed| Base of Tower 1.0 100 45 10,00 j0.01 125
Platform Concrete ase Or Tower 2.0 100 45 5.3 [v.2
Reinforced | Base of Tower 1. 100 45 .00 10,01
Concrete (Tower )
“Base of Tower | 1.0 100 0.00 0.56] 0.00
Column .Prestressed| Mid-height 1.0 100 45 0,00 |2.7
Platform Concrete
Articulated
Pontoon Prestressed| Base- 1.0 100 40 10,00 |6.0
Hul 1 Concrete Longi tudinal
Compression
Base—- 1.0 100 40 10.00 {0.03] 0.00 3.2 | 0.1
Transverse
Berding
Side Wall- 1.0 100 40 28 V2
Shear 0.00 [15.0
ave Energy | Reinforced | _Side Wall 1.0 25 60 [0.06 |0.10
Converter ™= | Concrete 1de wWall -
Raft Hull Fore/Aft 1.0 25 0.40] 3.4
Side Wall—-
M dqhvlvp 1.0 25 3.6 9.6
Side Wall- V1 V2
Shear 0.6 25 0.00 ]0.20
Have Prestressed| Midship— 1.0 25 80 ]0.00 {0.02 76
Energy Concrete Bending
Converter - sPoint- vl | V2
Spine Hull . Shear 0,6 25 0.00 10,20
Reinforced | Midship-
Concrete Bending 1.0 25 0,41 1.58
sPoint- V1 V2
Shear 1.0 25 0.00 [0.20
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