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3. Nonlinear Properties of Arc-Shaped Concrete Members

Osamu KIYOMIYA®
Hiroshi YOKOTAY*

Synopsis

Arc-shaped configurations are recently introduced to wave dissipating
members, revetments and other offshore structures. The arc-shaped members
in offshore structures are subjected to large alternate wave forces, that is, from
the outside to the inside of the member and from the inside to the outside.
Therefore, being different from for land structures as to the direction of forces,
the mechanical properties of the member subjected to alternate forces must
be considered in design works and in structural analyses. The main materials
for these arc-shaped members are reinforced concrete and prestressed con-
crete. However, mechanical properties of the member subjected to alternate
forces are not clarified sufficiently in the elastic and plastic range of the ma-
terials.

Loading tests and nonlinear finite element analysis were carried out to
know the nonlinear properties of arc-shaped members subjected to alternate
forces, In particular, not only the force of resistance but also nonlinear prop-
erties were investigated, which were referred to the ability of defiection,
energy absorption, mechanisms of fracture and so on. Moreover, crack forma-
fion was examined from the viewpoint of durability. The present paper
describes these nonlinear properties through the experimental and analytical
results.

The following main results were obtained.

1) Mechanical properties of the arc-shaped members such as the force of re-
sistance, ductility, the ability of energy absorption, formation of cracks,
mechanisms of fracture, etc. depend on the directions of loadings.

2) The force of resistance of the arc-shaped members can be estimated well by
the ordinary limit state design method for straight members considering
of the moment distribution at plastic hinges.

3} The formulae for the crack width in concrete proposed by the limit state
design method (JSCE) and CEB-FIP (in 1978) gave the maximum crack
width of the arc-shaped member on the safe side.

4) The finite element method in consideration of the material nonlinearity and
the formation of plastic hinges can explain the experimental results of the
arc-shaped members.

* Chief of Subaqueous Tunnels and Fipelines Laboratory, Structures Division
#% Nember of Subaqueous Tunnels and Pipelines Laboratory, Structures Division
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Nonlinear Properties of Arc-Shaped Concrete Members

1. Introduction

1.1 General

Japan, which is located at the north west of the Pacific Ocean, is surrounded by the
sea. The eastern coastline of Japan faces the Pacific Ocean and the western coastline
faces the Japan Sea. The space of the sea around Japan should be utilized actively be-
cause of her small area of the land, dense population and high industrialization. Ex-
Ploitation of the sea has being steadily progressed in Japan. Not only the extraction
of natural resources from the sea but the comstruction of various types of offshore
structures is intensively demanded. Man-made islands where industrial facilities, power
plant etc. are built, and breakwaters which secure calm water area can be cited by
way of examples as the offshore structures. The main materials of the offshore structures
are steel and concrete. Reinforced concrete or prestressed concrete is used generally
for the offshore structures in view of durability of the structures and economy of con-
struction cost. The offshore structures are subjected to strong wave forces due to storms
including typhoons, and therefore the safety of the offshore structures for strong wave
forces should be secured. Several new structural devices are proposed to dissipate the
wave energy or to decrease the ground reacting force. One of them is an arc-shaped
wave dissipating member. This member is attached in front of the offshore structures,
and a wave dissipating chamber is formed with these members and a rear vertical wall
as shown in Fig. 1. Hydraulic tests have been carried out to know the wave forces
acting on the members and to confirm the dissipating efficiency of wave energy. A
prototype breakwater caisson with these arc-shaped members has been set at Funakawa
Port in Akita Prefecture at about 450 km north of Tokyo, for the purpose of field ex-
periments, to confirm the efficiency and the performance in the site and to know the
behavior of the breakwater for waves'’. Effectiveness of the arc-shaped wave dis-
sipating members has been confirmed by the hydraulic test and the field observation.
Therefore, several breakwaters with these arc-shaped members are being planed at sever-
al ports and one is already under construction. Thus the arc-shaped wave dissipating

arc shabped
member
+4.5
+25
LWL20.0
Sves s
-10 (units:: m)

Fig. 1 A Breakwater with Arc-Shaped Wave Dissipating Members {set
at Funakawa Port)
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members will make practical use of the offshore structures. It is necessary to obtain the
fundamental characteristics of the toughness and deformation of the members for wave
force beside hydraulic characteristics. The wave forces are applied on both sides of the
members, namely from the outside as well as from the inside. Strong wave forces due
to wave breaking in the chamber occur. The safety of the members against wave forces
should be appropriately estimated at both wave breaking and repeated waves which
sometimes give fatigue damage for the members. This report describes the fundamental
characteristics of the strength and deformation of the arc-shaped wave dissipating
members, which have been investigated by means of loading tests and numerical simu-
lations. The ultimate strength and fracture proecess, namely nonlinear properties of
the members are main research items in this report. Fatigue strength of them is not
mentioned in this report.

1.2 Review of Previous Researches

Cylindrical vessels (silos, fluid containers, etc.), concrete pipes, arches in bridges,
supports of tunnels and barrel vaults in buildings are the structures with arc-shaped
configurations. The arc-shaped members in these structures resist both the bending
moment and the axial force. Circumferential stresses and radial stresses occur in the
section of the member when loads are applied upon them. The direction of stresses in
the arc-shaped members differ from that in the straight members because of their
curvature. After the moments and axial forces are calculated by structural analyses
such as the shell theory and the finite element method, the width and thickness, ar-
rangement of reinforcing bars, ete. in the sections of the arc-shaped members are deter-
mined as though they were straight members in most of design practice. This design
procedure was endorsed by R. H. Dawoud®. He examined the difference of stresses
between the arc-shaped members and the straight members subjected to the bending
moment, using the elastic theory. According to his research work, when a curvature
index (the ratio of the thickness to the radius of curvature of the member) does not
exceed 0.2, the design of the arc-shaped members’ sections can be treated as that of the
straight members’ sections. When the curvature index is greater than 0.2, the effect
of the radial stresses is not negligible in the design. Namely, the compressive stresses
in concrete appear below the neutral axis. When the direction of the bending mo-
ment is reversed, the stresses in concrete below the neutral axis become less. Kawakami
et al.”’ proposed the plastic design method of the reinforced concrete arc-shaped mem-
bers by considering the nonlinearity of the materials. The strain distribution of the sec-
tion is assumed to be a parabolic function. The validity of proposed method was ex-
amined by comparison with the experimental results of reinforced concrete pipes.
Heger et al.® carried out the loading tests of arc-shaped reinforced concrete pipes to
know their ultimate strength. Through the test results, they proposed the design
equation of the radial reinforcement for radial stresses.

The structural analysis of shells was Initiated by A. E. H. Love®, who developed
the theory of shells at the beginning of 1920’s, H. Reissner developed the bending theory
of cylindrical shell and Z. Bazant advanced to the bending theory of thick shells. The
theory of shells has been established by these theoretical researches. 5. Timoshenko
and S. Woinowsky-Krieger® wrote out the theory of shell in their book. The theory of
shells has been applied for concrete shell roofs by H. Lundgren et al.” H. Lundgren
analyzed shells by the elastic theory and the fracture theory. The ultimate strength
of the concrete shell was estimated by them.
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Nonlinear Properties of Arc-Shaped Concrete Members

1.3 Objeciives and Scope

The main objective in this research work is to know the static characteristics of
the arc-shaped reinforced/prestressed concrete members. Ttems of the research work
are as follows:

@ loading test of arc-shaped members
@ comparison between the calculated results by the limit state design method and
the experimental results
@ comparison between the calculated results by the finite element method and the
experimental results
@ proposal of the finite element model considering the nonlinearity of materials and
plastic hinges
1) Loading Test
The present objective of loading test of the arc-shaped members is to know the
mechanical properties of these members. The results are arranged as in the following:
@© load-deflection relationship
@ deflection of members and strain in reinforcing bars and concrete
@ mechanisms of plastic hinges formations: location of plastic hinges and moment
redistribution to other parts of members
@ crack formation and crack widths
® ductility factor and energy dissipated

Though wave forces are distributed on arc-shaped members in the site, the loading
is treated as the concentrated load, and is applied on the midspan of the test specimen
in the experiment. The directions of loading are both from the inside and from the out-
side, by considering the alternation of the direction of existing wave forces. Thus,
differences of the static characteristics of beams according to the load directions are
scrutinized in this study.

(2) Limit State Sesign

The arc-shaped members in the experimental breakwater caisson constructed
tentatively at Funakawa Port was designed by the limit state design method®, The
allowable stress design method is still available in Japan. The limit state design method
has been gradually introduced into the design work for the offshore structures made of
prestressed/reinforced concrete. Although many limit states are listed”, the ultimate
limit state and the serviceability limit state are considered in this study. The ultimate
strength is compared between the values from experiments and those from design
procedures. The crack formation is related to the serviceability limit state. If sea
water soaks into the cracks ceaselessly, the reinforcing steel suffers corrosion and the
durability of materials is degraded. The maximum crack width is restricted in the limit
state design in view of the durability'®’.

(3) Finite Element Method

The finite element method is one of the best means to simulate the precise charac-
teristics of the arc-shaped members and overall structures. This method plays an
important rele in the analysis or estimation of the safety of structures with complex
configurations. In this study, nonlinear properties of stress-strain relationships of
materials and the yield hinge mechanism are taken into consideration ir the calcula-
tion model. The calculated results are compared with the experimental results, The
validity of the finite element model in this report is evaluated through the comparison.

The finite element method has been progressing and applying to the shells in as-
sociation with the increase in the capacity of computers and the reduction of com-
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putation time. This method can be applied for various kinds of shell-type structures.
A plane shell element which combined the bending and membrane elements was used
at the first stage of analysis of shells. Several elements with high degree of accuracy
have been proposed. These elements raise reliability of structural analysis by the
finite element method.

2. Design of Arc-Shaped RC and PC Members

2.1 Acting Force and Design Condition
{I} Acting Force

Arc-shaped members described in this report are attached in front of breakwater
caissons to dissipate the wave energy. Tach arc-shaped member is a quarter circle in
the side view as shown in ¥Fig. 1. A wave dissipating chamber in the breakwaters is
surrounded by the arc.shaped members, a perpendicular wall and a horizontal wall.
A part of waves are reflected directly by the arc-shaped members, the other part of
waves enter the chamber to dissipate the wave energy due to wave breaking. The typi-
cal state of the waves with large wave height, reached the dissipating chamber, is shown
in Fig. 2. The states of the waves depend on the wave condition and tidal condition,
Generally speaking, when the water surface ascends, wave forces act on the arc-shaped
members from the outside towards the inside. After the water surface reaches the top
of the breakwater, i.e., capping part, the direction of wave forces changes from inward
to outward. The impact wave forces occur in the dissipating chamber. The maximum
wave force occurs at this moment. The wave forces from the inside gradually decrease
during descending of the water surface. Figure 3 shows the wave forces (Pu) along the
axis of the arc-shaped member which can be approximately calculated as Eq. (2.1)
from the results of hydraulic model tests'®.

Py=Paicost+Pgsin®d 2.1)
The two conditions are used at the design work of the arc-shaped members.

@D Pa=1.0wH, Ps=0 {from the outside) } 2.9)

@ Pa=0 , Pp=—1.5uweH (from the inside)

wave crest wave crest
S} (3) e

wave crest

(4)
wave trough

Fig. 2 Wave Forces Acting on the Arc-Shaped Member'?
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Fig. 3 Distribution of Wave Force.

14.0 tifm

15 WyHnaxsing R A 0w, Hparcos?

9.4 tfim
from inside from outside

Fig. 4 Design Wave Forces for the Prototype Arc-Shaped Member

where wo denotes the unit weight of sea water and H is the wave height. Both conditions
are applied at the times of the ascending of the water surface.

Tigure 4 shows the distributions of design wave forces acting on the arc-shaped
wave dissipating member under the above two conditions.
(2) Design Condition

Wave forces act on the arc-shaped members from the outside and from the inside
alternately. When the wave forces act from the inside, tensile stresses occur in the arc-
shaped member. It is possible that this tensile stress gives cracks to the arc-shaped
member made of reinforced concrete. A great crack width should be restricted because
of corrosion damage to teinforcing bars and degradation of concrete material. TFor
the arc-shaped member, the prestressed concrete is used in order not to generate cracks
in concrete. Namely, the prestress force is determined so as to resist the tensile stress
and not to generate cracks in the arc-shaped member, Although prestressed concrete
is used for the arc-shaped members in the breakwaters, the caisson besides the dis-
sipating members are made of reinforced concrete. The reinforced concrete caisson and
the arc-shaped members are built in the caisson yard. The arc-shaped members are
attached and joined by cast-in-place concrete and PC bars to the RC caisson. An
area of the members’ section, prestress force, reinforcement, etc. are determined to

— 7 -
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prevent the generation of cracks in the members at the time of the application of
design wave forces. The design method used is “Design Criteria for Prestressed Concrete
Port and Harbour Structures (provisional)”',
‘The summary of the design condition of the experimental breakwater at Funakawa

Port is shown below.
@ tide level HW.L.=405m

LWL =+00m

MSL. =+0.2m

@ mud line —11.0m

@ design wave Hee:=947m
HJ/a =7.14 m
T1,r3 =140s

angle of incidence =0°
return pericd=50~100 years
@ strength of materials
design strength of concrete=450 kgfjem? (ye==1.5)
prestressing wires 12¢7 (JIS G 3536 SWPRI1)
ultimate tensile stress 110 kglfmm® (ym==1.15)

yield stress 95 kgffmm?®

prestressing stress 10 kgffcm?

2.2 Limit State Design Method

(1) Ultimate Strength
The ultimate strength is scrutinized for both the bending moment and the shear

force. The estimation of the ultimate strength of the members subjected to the bend-

ing moment and axial force is based on the following hypotheses:

@ The strains in a section above and below the neutral axis are in proportion to the
distance from the axis as shown in Fig. 5.

® Concrete is not capable of resisting tensile stresses.

@ The stress (ov)-strain (e) relationships and strength properties of concrete are
presented in Eq. (2.3) and shown in Fig. 6.

- t &’ _ &’ el
0 = fluX 5 (2 0‘002) (0<es'£0.002)
oo’ =k fly (0.002< e’ 0.0035)

where f: denotes the design cornpressive strength of concrete.

(2.)

| Eec o
o> G N |
x ASC ) l Bx USC AN
d
Ast / Est Os:
section strain stress

Fig. 5 Idealized Strain and Stress Distributions in a Section
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Fig. 6 Tdealized Stress-Strain Curve of Concrete
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Fig. 7 Idealized Stress-Strain Curves of Steel

@ The stress (os or opj-strain (es or ep) relationships of steels are presented in Fig. 7.
{a} for reinforcing bar

os=Esss (O§85<“§“E‘)
. (2.4a)
0"s=fyd (“é“z“é Es)

where fy« denotes the design yield strength and Es is the modulus of elasticity.
(b) for prestressing bar (except type 2)

O'p=Ep€p (O§5p<"9"'"%f“)
Eyp
B 0.09f pua (0.84- Foma _ ) (2.4D)
Tp= 0015“""084’fpud/Ep +0.84fpud _Ep :5p<00].5
p=0.93f pua (0.015=sp)

where fue denotes the design tensile strength and Ej is the modulus of elasticity.

The ultimate strength of the members subjected to the bending moment and the
axial force can be calculated by Eq. (2.5). Tor a given distance x to the neutral axis,
the axial force of resistance (N.') and the bending moment of resistance {M.) can be
calculated.

PR [« R~
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EsrEyy
7 4
Esc”Csy

0/ Mu

Fig. 8 Interaction Diagram

Ng;,’:C’_{_T;,:-"Tu } (2 5)

Muz=C' (b2~ B2) + T2(Bf2— do) + Tou(d—[2)

where 7, T, and T« denote the resultant forces in concrete, compressive reinforcement
and tensile reinforcement, respectively. Furthermore, % denotes the overall thickness,
and d. and 4 are the distances from the extreme compressive fiber to the centroids of
reinforcements,

The ultimate flexural moment is associated with the ultimate compressive strength.
This interaction diagram of bending moment and axial force is shown in Fig. 8.

The shear strength is discussed in 5.2.
{2) Crack Width

Several equations regarding the crack width have been proposed. The equation
in the limit state design is determined with reference to equations proposed by Gergely-
Lutz, Kakuta, Beeby, Nawy-Huang and others'® as below.

wz,yw_kaf{ s 3/%(0 + _922 ) (2.6)
where w: crack width, Aeos: stress increment in reinforcement in the cracked section,
cs: spacing of bars, ¢: concrete cover thickness, ¢: diameter of steel, K: constants, and
va and ks: coefficients.

The cover thickness of concrete to the reinforcement is specified as 7 cm for the
sprash zone, and 5 cm for the atmospheric and submerged zones in “Technical Stand-
ard for Port and Harbour Facilities in Japan (1980)"t®. Criteria of the allowable crack
widths are listed in Table I. The above values of cover thickness are to restrict the crack
width below 0.2 mm in the sprash zone. The stress of reinforcements is related to the
crack width as presented Eq. {2.6). Namely, incremental values of bar stresses due to
permanent loads are restricted as listed in Table 2. There are many reasons that cracks
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Table 1 Allowable Crack Width

{units : cm)

types of zones of exposure
steel submerged and atmospheric zones sprash zone
reinforced deformed bar 0.004 ¢ 0.0035 ¢
concrete round bar 0.004 ¢ 0.0035 ¢
prestressed deformed bar 0.004 ¢ 0.0035 ¢
cencrete prestressing bar 0.0035 ¢ 0.003 ¢

Table 2 Restricted Incremental Bar Stress Due to Permanent Load

{units : kgf/cm?)

types of zones of exposure
steel submerged and atmospheric zones sprash zone
reinforced deformed bar 1000 800
concrete round bar 800 600
prestressed deformed bar 1000 800
cencrete prestressing bar 800 600

occur in the structures. Cracks due to the performance and material properties cannot
be estimated in design work. In the serviceability limit state design, the cracks due to
the bending moment and the shear forces are taken into account. Cracks cause damage
to the structures. For example, corrosion of the reinforcing bars, degradation of water-
tightness, and degradation of concrete surfaces are associated with the formation of
cracks. The limit state of cracks depends on the zones of exposure of the structures.
Three zones of exposure should be considered, that is, the atmospheric zone, the splash
zone and the submerged zone. Cracks due to the shear force have greater effects on the
structures than those due to the bending force, concerning with durability and per-
meability. Although researches of cracks due to the shear force have not been progressed
sufficiently, it is reported that cracks due to shear forces exercise little effects on struc-
tures when the strains of stirrup are within the level of 1000 107° and the service load
in use is less than 0.5~0.7 times the ultimate load. The crack due to the shear force,
however, will be an important problem which should be clarified in future.

3. Description of Experimental Work

3.1 General

An experimental work has been conducted so as to know the mechanical properties
of arc-shaped members subjected to alternate forces. Namely,
strengths of members at cracking, yielding and ultimate
deflection, ductility factor and ability of energy absorption
strains in concrete and reinforcement
formation of cracks
fracture mechanism, and so on.
The test specimens employed for the experimental work are made of reinforced
concrete (RC) and prestressed concrete (PC). A total of ten specimens are manufactured
and tested. The overall sizes are the same among the specimens. Therefore, various

D
@
@
@

@
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fundamental parameters such as the specimen sizes, areas of reinforcements, strengths
of materials and prestressing force are not examined in this experimental program.

The test specimen in this study is modeled on prototype wave dissipating members
which are subjected to wave force repeatedly on site. The loading is, however, applied
under static conditions, and dynamic effects (period, amplitude and so on) are not con-
sidered.

3.2 Test Specimen

The test specimen employed for the experiment is designed on the basis of the arc-
shaped wave dissipating member in the experimental breakwater having been built at
Funakawa Port (see Chap. 2). The test specimen is designed to a scale of approximately
0.2 to 0.3 of the prototype member, but is not an exact scale model. Details of the test
specimen are shown in Fig. 9. The test specimen is a quarter circle in the side view, and
has two blocks at both ends. The test specimen is set to the testing floor and wall
through these blocks with 24 prestressing bars. Moreover, the fixed end condition can
be satisfied. The section of the member is rectangular. The overall dimensions of the
specimens are common: the centroid radius is 160 cm, and the width and the thickness
(height) of the section axe 27 cm and 11 cm, respectively. The block has the dimensions
of 74 em in length, 40 cm in width and 30 cm in height.

The test specimen is reinforced by ten longitudinal deformed bars of 6 mm in dia-
meter (conformed to JIS G 3112 SD30-D6). The depth to the centroid of outer rein-

300

side view

front view

740

PC bar #11
A D6 /i

PC bar
D6 X
Rc=1600 StlrrUEDs

2
Z

D13 \
S i AA BB
™ _135 ¢ 135
25!’55i55 55|5512~ " 400
m,,_gi ,\E l]’ 2 o 80
PCbar [bdap o of3= (1
cross sectior?l

Fig. 9 Details of the Test Specimen
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forcing bars is 2.5 cm, and that of inner reinforcing bars is 8.5 cmn. Deformed 6 mm
diameter bars are also employed for stirrups in the specimen and the spacing of them
are about 6 cm. Two prestressing bars are arranged additionally at the centroid of
the section for the PC specimens. The prestressing bar has a diameter of 11 mm. Effec-
tive prestress in PC specimen is about 20 kgffem® at the midspan section, which is intro-
duced by the bonded post-tensioning system.

3.3 Material Properties
Concrete for the test specimens is made by the following materials.
@ Cement High early strength portland cement conformed to JIS R 5210,
Table 3 lists the physical and chemical properties of the cement.
® Aggregate : Crushed sand and crushed stone produced at Hachioji located west
of Tokyo. 10 mm maximum size aggregate is used because of the
congested reinforcements. Teble 4 lists the properties of the aggre-
gate. The grading distribution of the aggregate is shown in Fig. 10.
@ Water reducing agent: Lignin sulphonate type is used. Air entraining agent is
added.
Table 3 Properties of the Cement
. fineness setting
SpGth]C Blaine 88pum residual water initial final soundness
gravity (em?/gf) (%} (261 {h-min} (h-min)
3.12 4140 0.2 29.9 2-20 3-24 good
flow flexural sirength {kgl/cm?} compressive strength (kgf/cm?)
1 day 3 days *| 7 days | 28 days 1 day 3 days 7 days | 28 days
245 55 a8 80 130 252 336 469
chemical composition {%)
ig. lass insol. Si0, AlO, Fe,0, Cal MgQ 50, total
1.1 0.1 20.7 4.9 2.9 65.8 1.4 2.8 99.7
Table 4 Troperties of the Aggregate
specific bulk finess absorption | 88um sieve | soundness
gravity density modulus test
(kgf/m*) {%) (%) (%)
coarse 2.63 - 6.19 0.68 - -
fine 2.60 1666 2.97 1.69 2.3 0.4
€ o 1003
€ 20} 80 &
§ 4of 508
£ 60} 402
E 80 -,,’/ 20§
100 oa

0% 63 08 12 25 & 10 15
sieve size {mm)

Fig. 10 Grading Curve of the Aggregates
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Table 5 Properties of the Steel

diameter yield ultimate elongation modulus of

type stress stress elasticity
{mm) {(kgf/mm?) (kgf/mm?) (%) (kgé/mm?®)

deformed bar 6 37.2 52.8 27.5 2.10%10*
deformed bar 13 38.0 55.0 25 2.10X10*
PC  bar 11 143.0 152.0 9 2.06%10*

Table 6 Cement Paste for Grouting

mix propertion for one batch

cement | water | water- | water reducing | aluminam flow
cement agent powder
(kgf) | (kegf) | ratio (gf) {ef) . (s)
PC-1 20 8 0.40 50 1.4 10.5
others 40 17 0.425 100 2.8 10.5
test for bleeding and expansion compressive
strength
sample after 3 hours after 24 hours 7 days f 28 days
() bleeding | expansion | bleeding | expansion (kgf/cm?)
PC-1 380 1.3% 2.6% 0.0% 2.6% 216 233
others 413 2.4% 4.8% ¢.0% 5.6% 220 233

Steel reinforcing bars are conformed to JIS G 3112 SD30, and the diamter is 6 mm
for the beam part and 13 mm for the blocks. Prestressing bar with the diameter of 11
mm. conformed to JIS G 3109 C-1 {SBPR 11(/125). Mechanical properties of the rein-
forcing bars and prestressing bars are presented in Table 5. After the introduction of
prestressing, cement paste is grouted into sheaths in the PC specimens. The proper-
ties of the grouting cement paste are presented in Table 6.

3.4 Fabrication

The mix proportion of the concrete is listed in Table 7. The specific mixture is
designed by the following items.

@ Average compressive strength at 28 days is 400 kgffem®.
@ Initial slump is 82,5 cm.
@ Air content is 54 1%.

Concrete is mixed in a batching plant, and then placed into a mould. Slump, air
content and initial temperature of the concrete are measured before the placing of
concrete, so as to confirm the design condition. Of the ten specimens fabricated, five
are reinforced concrete and other five are prestressed concrete. Table 8 lists the pro-

Table 7 Specified Mix for the Concrete

specified meximum| air water- | fine weight of materials water
concrete | slump | size of | content | cement | agg. fine [coarse |reducing
strength aggregate ratio ratio | water |cement| agg. |agzg. agent
{kgtlem?) | {em) | (mm) | (%) | (%) | (%) (kgi/m®) (1/ m*}

a0 |8+2.5| 10 |s+1] 57.7 | 49.5 169.3] 293 | 884 | 913 | 2.93

— 84—



Nonlinear Properties of Arc-Shaped Concrete Members

Table 8 Properties of the Concrete

slump | air content | conecrete compraessive
No. temperature strength at

{cm) (%) (°C) 28 days (kgf/cm?)
PC-1 6.8 4.7 10 437
PC-2 | 10.0 5.6 10 366
PC-3 8.6 4.8 15 379
PC-4 | 10.0 4.8 12 417
PC-5| 6.3 5.9 15 418
RC-11 10.3 5.2 13 415
RC-2 | 7.9 4.2 11 450
RC-3| 7.9 6.0 13 414
RC-4 | 10.0 5.6 11 377
RC-5 9.2 5.4 11 439

Table 9 Strain in PC Bars at Prestressing

age strain in PC bars (X 107%)
Ne.
(days) 1 2

PC-1 9 1938 1718
PC-2 8 1810 1746
PC-3 4 1820 1833
PC-4 8 1999 1705
PC-5 3 1974 1742

#) objective strain is 1855%107¢

perties of the concrete at the time of placing and the compressive strength at-28 days.
Concrete is compacted by rod type vibrators.

The casting moulds are removed at 1 or 2 days and cured by means of cover sheets
till the time of the loading test for the RC specimens. For the PC specimens, they are
cured by wet mats till prestressing (moist curing), and thereafter by sheet curing till
the loading test.

Prestress is introduced in the PC specimen in accordance with JSCE Standard for
Prestressed Concrete!'®. In order to obtain the value of effective prestress (20 kgffem®)
at the time of loading test, prestressing force is determined by considering the various
factors for loss of prestress. Calculation of prestressing force and loss of prestress are
given in Appendix A. Table 9 lists strains in the prestressing bars at the time of pre-
stressing., Distributions of the strain in prestressing bars at prestressing are described in
Appendix B. After the introduction of prestress, cement paste grouting is performed.

3.5 Test Procedures and Instrumentation

Loading tests are conducted at the testing fioor and wall at the Port and Harbour
Research Institute. Figures 11 and 12 show the test setup. The test specimen is fixed
to the floor and wall at both blocks by 24 prestressing bars (diameter of 17 mm}. The
fixed end condition of the test specimen can be concluded to be satisfied through the
measurement of displacement at both blocks.

The transverse (radial) concentrated load is applied at the midspan by a hydraulic
jack with 50 tf capacity (stroke: 200 mm). TFive loading programs are presented in the
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experiment as follows:

@ Monotonically increasing load is applied from the inside to the outside of the
specimen.

@ Monotonically increasing load is applied from the outside to the inside.

® Repeated load is applied from the inside to the outside.

@ Repeated load is applied from the outside to the inside.

® Repeated load is applied from the both sides alternately.,

The loading programs of each specimen are listed in Table 10. For repeated loading 3

and @, the load is increased by an increment of 1 tf up to the first yield of reinforcing

bars. After the first yield, loading increments are controlled by the measured deflection

at the midspan. Loading increments are controlled by load itself in the cases of the

Table 10 ILoading Programs

No. loading pattern | direction of loading
PC-1 monotonic (from) outside
PC-2 monotonie inside
PC-3 cyclic cutside
PC-4 cyclic inside
PC-5 eyclic both sides
RC-1 monotonie outside
RC-2 menotonic inside
RC-3 cyelic outside
RC-4 eyclic inside
RC-5 cyclic both sides
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Fig, 13 Location of Instrumentation

loading pregrams @, @ and &. The applied load is supposed to be the wave forces,
but the dynamic effects are not considered in this study.

The applied load is measured by a load cell which attached at the tip of the jack.
The deflection of the test specimen is measured by displacement transducers (stroke:
50 mm). The strains in the reinforcing bars, prestressing bars and concrete are measured
by electrical resistant strain gauges attached to the respective surfaces. The gauge
length are 6 mm for reinforcing and prestressing bars, and 30 mm for concrete. The
locations of instrumentation are shown in Fig. 13. All the transducers and gauges are
monitored by a data logger through scanning boxes.

Contact points are attached on the inner and outer surface of the test specimen at
the interval of 10 cm, and widths of cracks are measured by a contact type gauge.
Locations of cracking, developing and so on are measured and sketched by visual in-
spection. Measurements are made at each loading step, and widths of cracks are meas-
sured at the maximum load in each loading cycle.

4, Experimental Resulis

4,1 General

The experimental results are summarized in Table 11. In this table, the loads at
the ultimate condition, P., are defined as the maximum values in the load deflection
relationships {curves). The loads at the first yield, Py, are defined as the values when
the tensile strain in the reinforcing bar reaches the yield strain obtained by the yield
strength and modulus of elasticity. Loads and deflections of the specimens subjected
to alternate loading {PC-5 and RC-5) listed in this table are obtained when the load
is applied from the outside.
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Table 11 Summary of the Experimental Results

No. |loading age ol »n tE P, Py P, ES &y
program | {days) {(kgi/cm®) (tf) {(tf) (if) {mm) | (mm)
PC-1 . MO 134 500 77.5 - 21.0 9.8 2 8.2 | 3.1
PC-2 | MI 117 391 56.4 | 2.84X10° | 11.8 4.5 2 - 2.5
PC-3 co 264 426 58.7 2.85X10° 20.5 9.5 2 8.8 2.7
PC-4 | CI 153 412 | 50.0 | 2.96X10° | 15.2 4.5 2 46.0 | 3.6
PC-5 CA 268 422 63.4 2.86X10° 16.0 10.0 2 5.5 2.7
RC-1 MO 141 472 66.4 2.79%10° 13.0 5.8 2 8.4 2.9
RC-2 M1 134 508 66.7 2.98x10° 6.2 2.9 1 33.6 2.6
RC-3 Cco 146 438 46.8 2.86x10° 14.7 5.9 1 13.8 4.6
RC-4| CI 171 395 54.4 | 2.96x10° 7.4 2.6 1 44,8 | 3.2
RC-5 CA 266 420 61.4 2.94%10° 15.1 5.0 1 9,2 2.0
M ! monotonic Q ! from outside A :from both sides
C :eyelic I ! from inside alternately

Strengths of concrete are measured at loading tests conformed teo JIS A 1108
(91020 cm cylinder) and JIS A 1106 (10 10 x40 cm prism).

4.2 Strength and Deflection

Load-deflection curves of the specimens under each loading are shown in Figs. 14 to
28. Comparing the curves when monenotically increasing load is applied with the curves
when the cyclic load is applied, the backbone curves are almost the same each other.
The first yield load and ultimate load of the PC and RC specimens when load is applied

15 T T v T
25 T
201 . 101 1
= )
3 ' 8
o
o
= 2
.g 10+ = = 5 4
& o
L)
5 I -
0. 5 R 0 0 20
midspan deflection {(mm) midspan deflection {rom)
Fig. 14 TLoad-Deflection Curve of Fig. 15 Load-Deflection Curve of
PC-1 (PC-MQ) PC-2 (PC-MI)
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from the outside are considerably larger than those when load is applied from the inside.
In the RC specimens, the ultimate load when load is applied from the outside is about
two times as large as that when load is applied from the inside. The first vield loads
show the same results as those of the ultimate loads. In the PC specimens, the ultimate
load when load is applied from the outside is about 1.4 times as large as that when
load is applied from the inside. The difference of the ultimate loads depends on the direc-
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tion of loading, and the direction gives more effects to the RC specimens. On the other
hand, there is little difference of the first cracking load.

When load is applied from the outside, the slope of the envelope in the load-
deflection curve is roughly constant up to the ultimate load. Moreover, the load-deflec-
tion curve has the conspicuous peak. The specimens provide less deflection after first
yields and then collapse rapidly. On the other hand, when load is applied from the
inside, the slope of envelope in the load-deflection curve gradually becomes gentler as
the load is increased, Moreover, the conspicuous peak does not appear and the deflec-
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Fig, 22 Load-Deflection Curve of RC-4 (RC-CI)

tion of the specimen increases. The stiffness of the specimen keeps almost the constant
value.

The load-deflection relationships for the alternate loading are almost similar to the
results to be obtained by compounding the relationships when load is applied from the
outside and those when load is applied from the inside.

Loads at the formation of a plastic hinge at the midspan are shown in Figs. 16, 17
and 21. The formation of a plastic hinge is defined when cracks pass through the sec-
tion and crushing of the concrete is observed on the surface of the members. At this
time, though the reinforcing bars already yield, prestressing bars do not yield yet in
the PC specimens. Consequently, the midspan section where a plastic hinge is formed
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Fig. 24 Stiffness Deterioration

still has the capability of resisting the force because of prestressing bars. Namely, a
plastic hinge is not formed at the midspan section in the strict sense of the words.

Figure 24 shows the ratio of average stifiness at each loading cycle to the initial
stiffness plotted against the ductility factor. The average stiffness (X) is obtained by
K=dP|[d§ of the load(P)-deflection (&) curves at each loading cycle. The stiffnesses of
the PC and RC specimens descend with the increase in the ductility factors. The stiff-
ness deterioration of the specimens when load is applied from the inside is greater than
those when load is applied from the outside.

Figure 25 shows the deflected shapes of the PC specimens at certain load steps,
and Fig. 26 shows those of the RC specimens. The deflections at the midspan obtained
from the experiment are larger than those from the elastic analysis, but the deflections
at the quarter span from the experiment are smaller than those from the elastic ana-
lysis when load is applied from the inside. The reason is considered that the specimens
turn into two cantilevers after cracks passed through some sections near the midspamn.
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When load is applied from the outside, plastic hinges are formed at the midspan and the
quarter span after the cruching of concrete. Consequently, the deflections of the speci-
men become different from those in early load steps.

4.3 Sirains in Bars and Concrete

Figure 27 to 30 show the load-strain curves up to the yield strain in reinforcing
bars at the midspan when load is applied from the outside. Tensile strain occurs and
increases in the inner reinforcing bar as the load is increased. In the outer reinforcing
bar of the RC specimens, though compressive strain occurs in early load steps (up to
about 5 tf), tensile strain conversely occurs and increases up to about 12 tf. The strain
at the maximum load in each load step for cyclic loading decreases when the applied
load is beyond 12 tf. As the load is further increased, the compressive strain occurs.
Residual strain (the value at taking a load off) is in the tensile state, and the value be-
comes larger as the loading steps are increased.

In the outer reinforcing bar of the PC specimens, compressive strain occurs and
increases as the load is increased, without changing into the tensile state. In the RC
specimens, however, flexural or shear cracks are initiated and propagate rapidly to the
inner fiber of the concrete. Thus, the neutral axis moves outward, and results in giving
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the outer reinforcing bar the tensile strain. In the PC specimen, however, prestressing

stress restricts the formations and propagations of cracks. Thus, the cuter reinforcing
bar in the PC specimen has only compressive strain,

Figure 31 to 34 show the load-strain curves in the reinforcing bars at the midspan
when load is applied from the inside. Both the outer and inner reinforcing bars are given
tensile strains in the RC and PC specimens. When load is applied from the inside, tensile
axial stress occurs, and has greater effect on the distribution of strain in a section than
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flexural stress does.

Figure 29, 30, 33 and 34 show the load-strain curves in the prestressing bars at
the midspan. The strain is defined as the average value occurred in two prestressing
bars. Tensile strain occurs and increases both when load is applied from the outside
and when load is applied from the inside.

Figure 35 shows the distribution of strain in the concrete at the midspan section
when load is applied from the outside. The distribution is almost linear along the height
of the section, and is not affected by the curvature of the member. The intersecting point
between the distribution and the normal line move little.

4.4 Ductility and Energy Dissipated

Ductility factors at the ultimate of the specimens are listed in Table 12. The
ductility factor is defined as the ratio of the midspan deflection at a certain load to that
at the first yield. Namely, the ductility factor at the ultimate means the ratio of the
deflection at the ultimate and that at the first yield. The ductility factors are about
6.0 when load is applied from the outside to the inside both for the PC and RC speci-
mens. On the other hand, the ductility factors are about 13 when load is applied from
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Table 12 Ductility Factor at Ultimate

No. duetility factor
PC-1 2.7
PC-2 -
PC-3 3.2
PC4 12.8
PC-5 2.0
RC-1 2.9
RC-2 12.9
RC-3 3.0
RC-4 14.0
RC-5 4.6

the inside. Thus the ductility factor when load is applied from the inside is about four
times as large as that when load is applied from the outside. The ductility factor of the
specimen when alternate load is applied, is almost the same as that when load is ap-
plied from the outside andfor from the inside. As menticned above, the arc-shaped
member has a capability of large deformation when load is applied from the inside.

Figure 36 shows the equivalent viscous damping coefficient, and Fig. 37 shows the
cumulative energy dissipated of the RC and PC specimens plotted against numbers of
loading cycles. The equivalent viscous damping coefficient (k) is given by Eq. (£.1).

1w
20 W
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where Wa and W denote the dissipated and loading energy in the member, respective-
ly. The equivalent viscous damping coefficients decrease slowly in 2 to 4 cycles of
loading, and subsequently, become almost constant with the values of 4 to 6%. The
direction of loading has little effect on the equivalent viscous damping coefiicient of the
arc-shaped member.

The cumulative energy dissipated in the RC and PC members when load is applied
from the outside is about twice as large as that when load is applied from the inside.
However, the difference of directions of loadings does not affect the energy dissipation
in the PC members,

4,5 Crack Formation

The appearances of the members at the ultimate loads are shown in Figs. 38 and
39. Cracks are initiated in some sections near the midspan at first when load is applied
from the inside, and tend to pass through the sections before other sections have cracks.
After that, cracks are formed on the inner surface of concrete, widened and gradual-
ly propagate towards the outside fiber as the load is increased, and the beams sub-
sequently turn into two cantilevers as mentioned before. Just before the ultimate
load, crushing of concrete occurs at the quarter span section. The mode of failure of
the member when load is applied from the inside is the flexural failure.

When load is applied from the outside, cracks are formed not only on the inner
surface of concrete near the midspan section, but also at the quarter span sections at
early loading stages. Cracks formed in these sections are widened and extended as the
load is increased. The mode of failure of the beam is the crushing of concrete at the
quarter span sections and shear failure of concrete at the midspan. Flexural moments
at the midspan and at the ends of the member are almost the same as those obtained
from elastic analyses. However, apparent cracks are not observed actually at the ends
of the beams. The reason is considered that the flexural moment is redistributed between
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Fig. 39 Crack Formation in the RC Specimens at Ultimate

the quarter span sections after plastic hinges were developed at the midspan section.

TFigure 40 shows the relationship between the applied load and the maximum
width of crack at the quarter span section in the RC beams. The maximum width of
crack is observed at the loading section, that is, the midspan section. An allowable
width of crack in offshore structures is 0.2 mm from the viewpoint of durability. The
applied leads at the maximum widths of cracks of 0.2 mm are listed in Table 13. At
the same applied loads, the maximum width of crack in the members when load is
applied from the outside is apparently larger than that when load is applied from the
inside.

Relationship between the maximum width of crack and strain in the tensile re-
inforcing bar is shown in Fig. 41. The maximum width of crack is in proportion to
strain in the tensile reinforcing bar up to the strain of 1000 10~°* when load is applied
from the outside. The maximum width of crack is in proportion to strain in the tensile
reinforcing bar within the limitation in Iig. 41 when load is applied from the inside.
Those results are mainly due to the modes of failures. When load is applied from the



maximum width of crack (mm)

Osamu Krvomiva and Hiroshi YokoTa

5 10
applied load (tf}

?
1.0k RC-CO { .
/
é
- l’ -
’f
I’
e
0.5k /z _
RC'CI /’d
s _
o
_-0--0“0"0
0 ' T

Fig. 40 Relationship between the Maximum Width of Crack and Applied

Load

—h
(o= ]

maximum width of crack (mm)
o
.o

1
"~

Fig. 41 Relationship between the Maximum Width of Crack and Strain

1000 3000

strain in the reinforcing bar (x1

in the Reinforcing Bar

— 100 —

0_6)3000



ey

Nonlinear Properties of Arc-Shaped Concrete Members

Table 13 Load when the Maximum Crack
Width Reaches 0.2 mm

No. load (&f})
PC-1 -
PC-2 6.0
PC-3 12,0
PC-4 4.0
PC-5 -
RC-1 10.0
RC-2 2.0
RC-3 8.9
RC-4 1.8
RC-5 3.0

outside, plastic hinges are formed at the quarter span sections derived from the redis-
tribution of the flexural moment, and larger width of cracks are formed as the results
of the rotation in these sections. Differences between the maximum widths of cracks may
be the result that strain distribution in these sections are not linear owing to the curva-
ture of the members.

4.6 Fracture Process

Through the experimental results, the fracture process of the arc-shaped members
can be described as follows:

@ When load is applied from the inside.

Great cracks are formed and propagate at the midspan and then the crushing of
concrete occurs. After that, a plastic hinge is formed at the midspan, and deformation
and rotation concentrate there. Other sections have flexural cracks as the load is in-
creased, but the loading energy is mostly dissipated in the plastic hinge at the midspan.
Afterward tensile fracture of reinforcing/prestressing bars occur, and the member turns
into two cantilever beams.

@ When load is applied from the outside.

Cracks are initiated at the midspan and the quarter span. Cracks are widened and
propagate in these sections, and other sections have no evident cracks. The crushing
of concrete occurs at the midspan at first, and a plastic hinge is formed. After that,
concrete at the midspan section is crushed. Being near at the ultimate, the midspan
sections have plastic hinges, and then the member is fractured. The midspan section
has shear cracks also.

5. Comparison between the Experimental Results and the Calculated Results
by the Limit State Design

5.1 General

The experimental results of strengths and crack widths are compared with the
calculated results obtained by formulae presented in the limit state design method.
The limit state design methoed has been suggested by JSCE?®. Inthe comparison between
the experimental results and the calculated results, the load factor and the material
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factor are assumed to be 1.0, that is, characteristics loads and characteristics strengths
are used,

5.2 Flexure and Shear Strength

Figures 42 and 43 are the interaction diagrams of the bending moment and axial
force for the PC and RC specimens. These diagrams are obtained by the limit state
design method. There is little difference between the diagram for the PC specimen and
that for the RC specimen beyond about 45 tf of the axial force. Figure 44 shows the
distribution of bending moment calculated by the elastic analysis. In the test speci-
mens,the axial force (No} and bending moment (Mc) occurred at the midspan are pre-
sented as follows:

Ne=1,127P (tf) }
M.=0.119P (tf-m)

where P denotes the concenirated external load.

(5.1)
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These relationships and the interaction diagrams can give the bending moment of
resistance of the test specimen as follows:

(2) the PC specimen when load is applied from the outside ............ 1.48 tf-m
(b) the PC specimen when load is applied from the inside ............ 0.86 tf-m
(c) the RC specimen when load is applied from the ontside ............ 0.8 tf+m
(d) the RC specimen when load is applied from the inside ............ 0.41 tf-m

The predicted applied loads for these cases at the ultimate are calculated as follows:
y 12,44 tf
} 7.23 if
) 7.48tf
) 3.45tf

The experimental ultimate loads (loads at the fracturing of the member listed in
Table 11) are about 1.6 to 2.1 times as large as these calculated loads. These differences
can be explained by the following reasons. When the bending moment at the midspan
section of the specimen reaches the ultimate value, the specimen does not collapse
because of the statically indeterminacy of the member. Namely, the excess bending
moment at the midspan is distributed to the other sections in the member. In the ex-
perimental work, the fracture of the test specimen occurs at the formation of plastic
hinges at the midspan and the quarter spans. These predicted uktimate loads are the
values when a plastic hinge occurs at the midspan, and these loads and the experimental
plastie hinge formation loads at the midspan show good agreement. Consequently, it is
necessary to consider the formation of plastic hinges at the quarter span for the precise
estimation of the ultimate load of the member. Namely, the plastic hinges in the mem-
ber are required to predict the ultimate strength for the member of the statically indeter-
minacy. The ultimate load must be calculated by plastic design methods. However,
as the caleulation method of plastic design is very difficult, it is calculated by an easier
method as follows.

The distribution of bending moment is calculated when the midspan section docs
not transmit the bending moment. IMigure 45 shows the distribution of the bending mo-
ment. Through Figs. 44 and 45, the ultimate bending moment at the quarter span is
obtained by adding both values of bending moments. As the result of that, the fracture
loads of the test specimens are calculated as follows:

{a) 19.35tf

(b) 11.57 tf

(c) 11.82tf

(d) 5.27tf

The experimental ultimate loads are 1.1 to 1.2 times as large as these calculated ulti-
mate loads. Consequently, the strength of the arc-shaped member is predicted fairly
well by the structural analysis in consideration of the formation of plastic hinges and
distribution of the bending moment, and by the limit state design method.

The shear strength of the specimen (Va) can be calculated in Eq. (5.2) presented
in the limit state design method®.

Va=Veat+Viya
Vea= foa+bu dfys
Viya=Auw- fuoya-2(sin a-cos o) fsfve
fud=fuud(l+ﬂzz"‘|‘ﬁp“‘§‘ﬁn) (52)
Fooa=0.94 ¥ 7L, v
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fa= ¥100jd—1z=1 (4: cm)
Bo=n/T00pw—1=0.73
1:=1M0/Md§1

where bw: the width of the member, Adw»: the area of web reinforcement, fuye: the
design vield strength of web reinforcement, s: the spacing of web reinforcement, pu: the
reinforcement ratio, Mo: the bending moment at the decompression and Ma: the
design bending moment of resistance. The calculated shear strengths (resisting loads)
are as follows:

(a) 14.04 tf

{b) 15.02tf

(c) 14.14tf

(@) 15.16 ¢

The ultimate shear strengths are larger than the ultimate flexure strengths except the
case (a). In the case (a) (the PC specimen when load is applied from the outside), the
load at the shear failure is larger than that at the formation of a plastic hinge at the
midspan. Namely, after a plastic hinge is formed at the midspan, the shear failure
occurs at the midspan. Further as the load is increased, plastic hinges are formed at the
quarter span, and then the member fractures. These results are in accordance with the
experimental results.

3.3 Crack Width

Several formulae regarding the crack width have been proposed. Two formulae
are adopted in this study. One is proposed by the limit state design in JSCE as pre-
sented in Eq. (2.6). This formula is a modified version of the formula proposed by
Gergely and Lutz. The other is proposed by CEB-FIP in 1978'®, which is applied
to offshore structures widely. The applicability of the above two formulae to the arc-
shaped member is examined,

The proposed formula by CEB-FIP is expressed as follows:

wr=1.71m

W= Srm esm

Sm=2(0+&—) +klk2 ¢

10 pr (5.3)
Pr-*_'-As/.Ac,ef
Aos Ager \* Ao
=—"1]1— 5 =
e

where wx denotes the characteristic crack width.

Figure 46 shows the calculated crack widths of the RC specimens. Both formulae
give the values of crack width greater than the experimental results, when load is ap-
plied from the outside or when load is applied from the inside up to the yield of reinforc-
ing bars; it may be said that the calculation is on the safe side for the structural design.
These formulae for crack width are applied to flexural cracks. However, they cannot
give the precise widths of shear cracks and concentrated cracks. When load is applied
from the outside, concentrated cracks are observed at the midspan and the quarter
span sections as the load is increased. Consequently, these formulae are inapplicable
to the arc-shaped member when the applied load is increased. The allowable crack width

— 104 —



Nonlinear Properties of Arc-Shaped Concrete Members

0.5

RC-CI

maximum width of crack {(mm)
[an]
(&3]

applied load (tf)

Fig. 46 The Experimental and Calculated Width of Crack

in offshore structures are determined as the function of the concrete cover. In ordinary
offshore structures, the allowable crack width is calculated up to 0.2 mm. Although
both formulae for crack widths give smaller values than the experimental values when
the load is increased near at the ultimate, the crack width up to 0.2 mm is predicted
fairly well or on the safe side by both formulae.

54 Discussion

Through the comparison between the experimental results and the calculated
results by the limit state design, the design method of the arc-shaped member is sug-
gested as follows. The bending mement, the axial force and the shear force must be
calculated by the structural analysis in consideration of the formation of plastic hinges.
Here the curvature of the arc-shaped member is to be taken into account in the struc-
tural analysis to estimate the bending moment and the axial force. The flexural and
shear strength in a section of the member can be calculated by the ordinary limit state
design method. When a curvature index (described in 1.2) is greater than 0.2, the
effect of the curvature should be considered. When a curvature indes does not exceed
0.2, however, the strength in a section of the member can be obtained as straight mem-
bers.

The width of crack in the arc-shaped member becomes great after plastic hinges
are formed. In the investigation for the serviceability limit state of the arc-shaped mem-
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ber (the maximum crack width does not exceed about 0.2 mm), formulae for predicting
crack widths give the values on the safe side.

6. Numerical Analysis by the Finite Element Method

6.1 General

One of the most effective methods for predicting and evaluating the mechanical
properties and the fracture process of the arc-shaped member is the numerical analysis
by the finite element method. The finite element method which describes nonlinear
properties of concrete and steel can be applied for the numerical analysis of the arc-
shaped members. The nonlinear finite element procedure currently in use is fully des-
cribed elsewhere!®, and will, therefore, be discussed only briefly here. In particular,
assumptions and modeling of the materials and structures, determining the various
constants of materials, the accuracy of the analysis and so on were made clear in the
authors’ preceding paper'”. The applicability of the analytical model in the nonlinear
finite element analysis to the arc-shaped member is confirmed by comparing the ana-
lytical results with the experimental results. Further, more detailed properties of the
arc-shaped member can be examined through the analysis, that is, the fracture process
and the internal stress distribution can be evaluated. Geometric nonlinearities and time
dependent effects are not considered in this study.

Although both PC and RC specimens are employed for the loading test, only the
RC specimens under monotonically increasing loading are the subject of the numerical
analysis.

6.2 Concrete Idealization

The arc-shaped member in this study can be approximated as being in a state of
plane stress. Strength and stress-strain behavior of concrete must be considered under
biaxial condition in modeling the member. Various moedels for the biaxial strength
and stress-strain behavior of concrete have been proposed'::®. The biaxial strength
envelope shown in Fig. 47 is chosen to the model in this study. Under biaxial com-
pression, the strength envelope of concrete is determined as the Drucker-Prager yield
law. Under biaxial tension, concrete has the same tensile strength as the value obtained
under uniaxial loading (splitting tensile strength). Under combinations of tension and
compression, the strength envelope is linear, which is defined with the uniaxial compres-
sive and the uniaxial tensile strength (splitting tensile strength) of concrete.

As shown in Fig. 48, the stress-strain relationship of concrete is assumed to be
trilinear in this study which is approximated as the experimental results. The equi-
valent stress relationship is assumed to be the same as the stress-strain relationship
under uniaxial condition. The equivalent stress and strain can be obtained with the
first and second invariants of the stress deviator tensor, Ji and J:.

J1=Ux+Uﬂ+Uz (6.1)
Je= (om0 oo b ko (6.2

The stress-strain relationships of concrete can be divided into three parts: before
yielding, during plastic flow and after fracture (or failure). Concrete behavior before
yielding is assumed to be elastic. During plastic flow, the behavior of concrete is pre-
sented by the plastic stress-strain relations. When the state of stress lies within the
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Fig. 48 Biaxial Strength Envelope and Stress-Strain Relationship of

Conrete

yield surface, the concrete behavior is assumed to be in the elastic range. When the
concrete stresses are beyond the elastic limit surface, a subsequent new surface is
developed. The final collapse of concrete is defined when the state of stresses reaches
the fracture surface and concrete crushing occurs. The formulation of the constitutive

relations for concrete is based on three fundamental assumptions.
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(@ The shape of a fracture surface is defined by the Drucker-Prager yield criterion,

that is,
- 1,
f=“J1+"/J‘4=~/—3—|f"| - (6.3}
& can be determined as 0.07 based on the experimental biaxial test data by Kupfer
et al *®

The shape of a yield surface is assumed to be similar to that of the fracture surface.
The formulation of the constitutive relation for concrete is the associated flow rule,
that is, the direction of the plastic strain increment vector is in the direction of the
normal to the current loading surface.

An isotropic hardening rule is adopted, which the initial yield surface is assumed to
expand uniformly without distortion as plastic flow occurs, The function specifies
the rate the of strain hardening of concrete and its shape may be defined by a uniaxial
compressive stress strain curve. The strength at which the yielding of concrete occurs
is determined as a half of the compressive strength (Fig. 48).

Under biaxial tension or combinations of tension and compression, a crack is as-
sumed to be formed, as soon as the state of stress lies beyond the brittle fracture sur-
face. Analytical modeling of concrete cracking in this study may be made by treating
the gross effect of cracks distributed in a concrete element, that is, “smeared” cracking
models. When a crack is formed, the tensile stress acting on the crack plane is released
and redistributed to the neighboring elements. Under subsequent loading, concrete
loses its tensile strength perpendicular to the crack direction, but retains the tensile
strength in the directions parallel to the crack plane. The shear stress acting on the crack
plane is not released but modified by the process discussed below because of the ag-
gregate interlocking. Therefore, after the cracks have developed in a concrete element,
the modified constitutive equations must be written with reference to the cracked
directions. Namely, after a crack occurs, the modulus of elasticity of concrete
is reduced to zero, perpendicular to the cracking direction. Moreover, the shear
modulus is reduced according to crack widths, deformation of members and so on.
Reduction of the shear modulus (G) is assumed to be 0.5 G in the calculation model.
Models for tension stiffening in concrete after cracking is not taken into account.

@

6.3 Steel Idealization

Reinforcing bars are idealized with both the discrete and the distributed models.
The distributed model means that reinforcing bars are assumed to be distributed over
the concrete element and a composite concrete-reinforcement constitutive relation is
used. Stirrups are represented with the distributed model. The bond stress between
stirrups and concrete is assumed not to be released during loading. Namely, per-
fect bond must be assumed between concrete and stirrups in this model. A lon-
gitudinal reinforcing bar is represented with the discrete model. The longitudinal
reinforcing bar can also be supposed to be in the state of plane stress. However,
reinforcing bars in concrete can be considered to transfer and resist the stress of axial
direction of the element. Consequently, reinforcing bars are replaced by an isotropic
model and an anisotropic model. The stress-strain curves for reinforcing bars in com-
pression are assumed to be identical to those in tension. The steel stress-strain curve
may be idealized to be bilinear (elastic perfectly plastic) as shown in Fig. 49.

The yield of reinforcing bars is defined by the von Mises law. The formulation of
the constitutive relation is obtained by the associated flow rule. Tensile fracture of
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reinforcing bars is not considered in this model.

Bond link elements are used for modeling of the bond-slip relation. The bond link
element consists of two orthogonal springs which transmit shear and normal forces be-
tween the two nodes as shown in Fig. 50. Transmitting of shear and normal forces is
modeled in consideration of the dowel action and bond stress-slip relationships. The
bond stress-slip relationship between concrete and reinforcing bar is assumed to be
bilinear as shown in Fig. 31.

6.4 Modeling for the Arc-Shaped Member

The finite element mesh layout for the arc-shaped member employed for the
experiment is shown in Fig. 52. Because of the symmetry condition, the half of the test
specimen can be analyzed. The blocks fixed at the end of the specimen are not modeled
into meshes. Nodes at the end of the specimen are cramped in place of meshes.

The midspan section of the test specimen (where load is applied) has evident cracks
and a plastic hinge is formed after the crushing of concrete through the experimental
results. Then the specimen turns into two cantilever beams. Therefore in the finite
element analysis, the properties of the plastic hinge must be taken into consideration
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and be modeled. A plastic hinge has an ability of rotation, and then the bending moment
beyond the yield moment will be distributed. The plastic hinge is modeled by several
axial springs attached to the nodes on the midspan section in this model. In the ordi-
nary finite element analytical model for a symmetric structure in a state of plane stress,
the houndary condition of the nodes on the axis of symmetry will be given by the fol-
lowing procedures. Nodal displacement perpendicular to the axis of symmetry is
cramped, and nodal displacement parallel to the axis of symmetry is free. In the arc-
shaped member, however, this symmetrical condition cannot be applied because the
failure of the test specimen is likely to be affected by the modeling of the plastic hinge
mentioned before.

Figure 53 shows the modeling of the midspan section in this study. Springs are
connected between the node on the loaded section and the supposed nede on the fixed
boundary. In a state of plane stress, the rotative spring cannot be adopted in the finite
element model. However, several axial springs can explain the rotation of the midspan.
A spring constant is 0 or 10° tf/m in case of tension or compression, respectively.
Moreover in other words, the discrete cracking model is applied at the midspan, and the
width of crack at the midspan can be estimated by the deformation of the spring.
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Table 14 List of Material Properties

(+kgf/cm?)

ioading f'c * f“ * Ecg * B v fs‘ ® E: *
from inside 508 25 2.8%10° 0.41 0.7 3720 2.1x10°
from outside 472 25 2.7%10° 0.41 0.17 3720 2.1X10°

Isoparametric rectangular plane stress elements are used for concrete and longi-
tudinal reinforcing bars in the finite element model. The clements for reinforcing bars
are overlapped with the concrete elements. Numbers of nodes and elements in this ana-
Iytical model are 143 and 144, respectively. Bond-link elements are used for modeling of
the bond stress-slip relationship between the concrete and reinforcing bar. Bond-link
elements are installed between the nodes for the concrete and the reinforcing bar.
Bond stress-slip relationship is assumed to be bilinear and the maximum bond strength
is determined as 25 kgifem® in the calculation model. Material constants are listed in
Table 14 which are obtained by the preliminary experiment.

The modelings for unloading, cyclic loading and prestressing forces are not estab-
lished in the finite element analysis program in this study.

6.5 Numerical Procedure

Numerical procedures for nonlinear analysis by the finite element method are
presented elsewhere in detail*”. The flow chart for the nonlinear finite element analy-
sis in this study is shown in Fig. 55. The analytical flow is summarized as follows:
The material constants to be used in the constitutive equations are defined.

The incremental strains are calculated from the increment of displacement.
Ilastic-stress increments are calculated.

The yield states are checked on the basis of the stress increments, For elastic state,
the elastic material matrix is formed and then go to step @. For plastic state,
next steps must be continued.

The fracture, crushing or cracking of concrete is checked.

The stiffness matrix of the material is formed (elastic-plastic state).

The incremental stresses are calculated by the incremental strains based on the
step ®.

Steps @ to (D are followed for reinforcing bars. Then smeared stress-strain
matrix is obtained for both concrete and reinforcing bars.

The stresses and strains in the element are updated. Then go to Step .

The finite element analysis program in this study utilizes an incremental loading
procedure for solving the nonlinear equations mentioned above, An incremental form
of the constitutive relations is therefore needed, and the incremental stress (4o)-strain
(4e) relations can be generally adopted. These relations are expressed in the following
matrix form.

{day=[D{Ae}—{os} (6.4)
where [D®#] denotes the elastic-plastic stiffness matrix.

The incremental strain is calculated by the sum of elastic strain values and the
plastic incremental strain. The plastic incremental strain can be obtained using the
plastic potential {g{os)).

g

{dep}=h {_af} af (6.5)

e s ORSACES)

® &
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When the yielding and crushing occur in the concrete element and the yielding occur
in the reinforcement element, the material stiffness matrix will be corrected. On the
basis of the flow rule, the corrected material stiffness matrix is obtained by Eq. (6.6).

(DU |01 (0130} [ D] 66)
H'+{df|8a}" (DK df{da} '
where H' denotes a hardening parameter. Moreover, when cracks develop in the con-
crete element, the above incremental equations are written with reference to the crack-
ing directions.

For a loading increment at the steps N to N1, the structural equilibrium equa-
tions can be writien as follows:

(K{AUy={AF} 6.7)
where [K] and {4U} denote the structural stifiness matrix and the incremental nodal
displacement vector, respectively. Here, {07} is the internal clement stress at step ¥,
and [B] is the element strain-nodal displacement matrix. When equilibrium iterations
are employed, the incremental nodal force vector {AF} may be viewed as an unbalanced
nodal vector for the ¢th iteration cycle within the incremental loading step.

{4Fh={F}yu—Z SV [BI*{0}wdV (6.8)

(D7) =(D-
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The Newton-Raphson method is applied for solving the equilibrium equations by
the iteration procedure. The concept of the calculation algorithm can be figured in
Fig. 56.

7. Comparison between the Experimental Results and the Calculated Results
by the Finite Element Method

7.1 General

Comparison between the experimental results and the calculated results is made to
confirm the applicability of the nonlinear finite element analysis to the arc-shaped mem-
ber. Furthermore, the detailed behaviors of the member, in particular the fracture
process of the member, can be examined and evaluated through the nonlinear analysis
by FEM. The following two cases are selected in the analysis for the comparison.

@ the reinforced concrete member when monotonically increasing load is applied from

the outside to the inside (RC-1 in Chaps. 3 and 4)

@ the reinforced concrete member when monotonically increasing load is applied from
the inside to the outside (RC-2)

The finite element analysis program in this study has been developed by the
authors. An ACOS-1000 computer (NEC) at the Port and Harbour Research Institute
is used in this analysis.

7.2 Strength and Beflection

Figures 57 and 58 show the computed results of the load-deflection curves for the
arc-shaped member in comparison with the experimental results. When load is applied
from the inside, the load-deflection relationship of the member obtained by the ana-
lysis is in accordance with that obtained by the experiment. The analytically predicted
loads at the first crack, at the first yield and at the ultimate {crushing of concrete) are
1.6 tf, 3.2 tf and 7.0 tf, respectively. The experimental results of them are 1.0 tf, 3.0
tf and 6.3 tf, respectively. Both results show good agreement each other. When load
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is applied from the outside, the computed load-deflection relationship of the member
is considerably different from that of the experimental result. The analytically pre-
dicted loads at the first crack, at the first yield and at the ultimate are 3.2 tf, 12.8 tf
and 18.0 ti, respectively. The experimental results of them are 2.0 tf, 6.2 tf and 13.0
tf. In particular, the analytical load at the first yield is about two times as large as
that of the experimental result. These differences may be resulted from the constitutive
model for the reinforcing bar elements. Namely, the mechanism of resisting and trans-
mitting stresses in reinforcing bars are related to the strength of the arcshaped
member. Therefore, the constitutive model for reinforcing bars in the analysis described
in 6.3 has been modified so that the model is capable of transmitting the axial force
only. The new meodel is designated as FEM-2, The computed load-deflection relation-
ship obtained by FEM-2 is also shown in Fig. 58. Although the computed load-deflec-
tion curve comes downward compared with that of the ordinary isotropic model, the
computed and the experimental results stili do not correspond. The analytically predicted
loads by FEM-2 are 2.8 tf at the first crack, 6.2 tf at the first yield and 14.4 tf at the
ultimate. These analytical loads, in particular the load at the first yield, show good
agreement with those of the experimental results. The difference between the com-
puted deflection and the experimental deflection at the same load is resulted from the
formation of plastic hinges, whose rotative abilities cannot be expressed precisely in
the analytical models when load is applied from the outside to the inside.

Figure 59 shows the computed results of the deflected shapes of the member along
the span when load is applied from the inside. The deflection under elastic state of the
members are naturally in accordance with the elastic structural analysis. After cracks
occurred, however, the deflection gradually differs from that obtained by the elastic
analysis. Namely, the deflection is concentrated at the midspan where cracks are initi-
ated. The result shows good agreement with the experimental deflection mentioned in
4.3.
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Fig. 59 The Computed Deflection

7.3 Strain

Load-tensile strain curves in reinforcing bars at the midspan are shown in Fig.
60, The computed strain is defined as the calculated axial strain in the reinforcing
bar elements. When load is applied from the inside, the computed and experimental
results show good agreement. IHence the appropriateness of the assumptions for model-
ing reinforcing bars and the bond stress transmission between concrete and reinforcing
bars is confirmed. When load is applied from the outside, the computed strain is
considerably small in comparison with the experimental strain at the same load, in
case that the isotropic elements are used for the reinforcing bars. Another com-
puted strain by FEM-2 is in accordance with the experimental strain. The modeling for
reinforcing bar to be transmitting the axial force only may explain the characteristic
of the strain in reinforcing bar well, and these assumptions for reinforcing bars in the
arc-shaped member are confirmed.

Figure 61 shows the distributions along the span of the computed and experimental
strain in reinforcing bars. The computed and experimental results show good
agreement for both cases when load is applied from the outside and when load is ap-
plied from the inside. However, when load is applied from the outside, the computed
strain by the ordinary isotropic model in the vicinity of the midspan is considerably
smaller than the experimental strain. The difference between the computed and ex-
perimental results is considered to be resulted from the large radial stress calculated by
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Fig. 63 The Computed Principal Fig. 64 The Computed Principal
Stress when Load is Applied Stress when Load is Applied
from Inside from Qutside

the analysis at the midspan.

The computed results of principal stresses are shown in Figs. 62, 63 and 64. Under
elastic state shown in Fig. 62, circumferential strains (stresses) are calculated both in
concrete and in reinforcing bars. For radial strains, on the other hand, their values
are considerably smaller than those of circumferential strains. Moreover, under plastic
state, nearly at the ultimate, large radial compressive stress is calculated at the
midspan and the quarter span. When load is applied from the outside, the end of
the member also has large radial compressive stresses. The elements for reinforcing
bar resist the radial stress in the ordinary plane stress model, and result in that the
apparent stiffness of reinforcing bar will be evaluated very large. Therefore, the ap-
plication of the anisotropic constitutive model to the elements for reinforcing bar gives
more precise results as described previously.

74 Crack
Figure 65 shows the computed and experimental crack formations. The propaga-
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tion and widths of cracks cannot be estimated precisely, because the smeared cracking
model is adopted. The zone of crack formation and development, therefore, can be
investigated in the smeared cracking model. When load is applied from the inside, the
computed cracks are initiated near the midspan at first, and then cracks are formed at
the guarter span and the end of the member. After that, cracks are formed and propa-
gate gradually in the concrete elements in turn as the load is increased. Being near at
the ultimate, all the concrete elements have cracks, and then the crushing of concrete
occurs on the inner surface of the member at the midspan at the ultimate. These results
are in accordance with the experimental results.

When lead is applied from the outside, cracks are initiated on the inner surface of
the member near the midspan and propagate towards the outside fiber as the load
is increased. At the first yield of reinforcing bar, not only the midspan but also the
quarter span and the end of the member have cracks. Just before at the ultimate, cracks
develop and propagate rapidly at the above mentioned three sections. Being different
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from the results when load is applied from the inside, cracks concentrate in these parts,
and the others have no cracks. Crushing of concrete occurs on the outer surface of
concrete at the midspan and on the inner surface of concrete at the quarter span.
These results are in accordance with those of the experiment.

Evident shear cracks are formed at the midspan in the experiment. Cracks by
the analytical model cannot be separated into shear cracks and flexural cracks. How-
ever, large shearing stresses are calculated at the midspan. Consequently, the shear
failure of concrete is predicted at the midspan hy the computed results.

7.5 Discussion

The macrocracking patterns and crushing of concrete are well predicted for the arc-
shaped members under each direction of loading as discussed in 7.4. In the elastic ana-
lysis method, which is usually used in design works, the largest, the second largest and
the third largest values of the bending moment are calculated at the midspan, at the
endspan and at the quarter span, respectively. The nonlinear analytical results, how-
ever, show that the fracture of the member occurs at the midspan, and then at the
quarter span. The redistribution of the bending moment occurs in the region between
the quarter spans. These analytical results are in accordance with the experimental
results, The fracture process which is observed in the loading test, therefore, cannot
be examined by the elastic analysis.

The fracture process of the member is related to the plastic hinge formation,
Plastic hinges are formed after reinforcing bars yielded and concrete is crushed. The
arc-shaped member turns into two cantilever beams after a plastic hinge occurs at the
midspan. Namely, after the formation of plastic hinges, the sections have abilities of
large deformation and rotation. Furthermore the bending moment at the midspan will
be distributed towards the ends of the member. The mechanism of failure must be
incorporated in the analytical model in the case where plastic hinges are formed. The
analytical results with the adoption of the above mechanism are in accordance with the
experimental vesults and the propriety of modeling for the arc-shaped member can be
confirmed.

8. Conclusions

This report describes the loading test and numerical analysis by the finite element
method for arc-shaped members. The following conclusions are obtained from the
experimental and analytical work.

1) The fracture process of the arc-shaped member differs from that of the straight
member because of the influence of curvatures of the member. Moreover the frac-
ture process depends on the directions of the loadings.

2) 'When load is applied from the outside to the inside, the failure mode of the mem-
ber is crushing and shear failure of concrete at the midspan section, and crushing
of concrete at the quarter span sections. When load is applied reversely, cracks
pass through some sections near the midspan and the member is considered to be
divided into two cantilever beams. The flexural failure dominates in the member at
this loading condition.

3) The first yield and ultimate load of the member when load is applied from the out-
side to the inside are larger than those when load is applied reversely. The ductility
factor is defined as the ratio of the deflection at the first yield load to the deflection
at the ultimate load, The ductility factor is 2 to 3 when load s applied from the
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outside to the inside. However, the ductility factor is 12 to 14 when load is applied
from the inside to the outside. When load is applied alternately, the ductility factor
is near that of the loading from the outside to the inside.

The energy absorption ability is indicated by the equivalent viscous damping co-
efficients. These coefficients can be obtained from the hysteresis loops of the load-
deflection relationship. The difference of directions of loading does not affect the
equivalent viscous damping coefficients; the values of the coefficients are 4 to 6%.
The applied load, from the outside to the inside, at a maximum crack width of 0.2
mm is greater than that from the inside to the outside. The maximum crack width
is generally in proportion to the strain in tensile reinforcing bar. However, when
load is applied from the outside to the inside, the increment of the maximum width
of crack increases like parabola,

The ultimate strengths of the members calculated by the limit state design for
characteristic values of materials and loads are 0.8 to 0.9 times as large as those by
the loading tests. At this time, the fracture resisting bending moment is defined as
the value when plastic hinges are formed at the quarter span. Moreover, the bending
moment when a plastic hinge is formed at the midspan and the distributed bending
moment after plastic hinge formation must be considered. The flexure and shear
strength of the section of the member can be calculated by the ordinary limit state
design method which is applied to straight members.

The crack width is very important for the durability of the members. The maxi-
mum crack width of 0.2 mm is one of the limitations of offshore structures accord-
ing to the “Limit State Design of Concrete Structures.” The maximum cracks in
the loading tests are smaller than those calculated by the formula suggested in this
design code up to 0.2 mm of crack width. Namely, the formula gives the maximum
width of crack on the safe side.

The finite element method in this report takes into account the nonlinearity of the
materials and the formation of plastic hinges. The results by this analytical method
can explain fairly well the fracture process of the arc-shaped member. The load-
deflection relationship of the member, load-strain relationship in the reinforcing
bar, behavior of crack formation and so on can be estimated by this analytical
method.

The applicability of the finite element method to the arc-shaped member is con-
firmed. However, in order to predict the behavior of the member more precisely,
the bond-slip property between concrete and bars, transmission mechanism of
shear force at the crack face, rigidity at unloading stage, etc. must be taken into
account in the calculation model,
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List of Symbols

Aeer @ effective embedded zone where reinforcing bars can effectively influence the
crack widths
As :area of reinforcement contained in Ao,er
Ase . area of compression reinforcement
Asx : area of tension reinforcement
Huw : area of web reinforcement
i8] :  element strain-nodal displacement matrix
b . width of member
c’ : resultant compressive force in the concrete section due to applied external
forces
c : concrete cover for embedded bars
s 1 spacing of bars
[L¥] : elastic material stiffness matrix
[D#7 . elastic-plastic material stiffness matrix
d :  effective depth of member
do 1 distance from exireme compressive fiber to centroid of compressive rein-
forcement
E. 1 secant modulus of elasticity of concrete
Eo: :  initial modulus of elasticity of concrete
Eyp : modulus of elasticity of prestressing steel
Ts :  modulus of elasticity of reinforcement
{AF} : incremental nodal force vector
f . {ailure criterion or yield function
fo - flexural strength of concrete
I :  compressive strength of concrete at loading test
” . design compressive strength of concrete
o~ - characteristic compressive strength of concrete
Set ¢ tensile strength of concrete
t 1 compressive yield strength of concrete
Jeua @ design tensile strength of prestressing steel
Jva ¢ design shear strength of concrete
Joaa : apparent design shear strength of concrete
Jwwa i design yield strength of web reinforcement
fu : specified yield strength of reinforcement
Sfua : design yield strength of reinforcement
G . shear modulus
g :  plastic potential
H : wave height
H : hardening parameter
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maximum wave height

significant wave height

overall thickness or depth of member

positive constant

equivalent viscous damping coefficient

first invariant of the stress deviator tensor

second invariant of the stress deviator tensor

constant {=600x 10°* kgfjcm?)

average stiffness of member

structural stiffness matrix

elastic-plastic structural stiffness matrix

spring constant of bond-link element related to dowel action
spring constant of bond-link element related to interface shear stifiness
initial stiffness of member

coefficient expressing influence of bond behavior of reinforcement
(0.4 for deformed bars, 0.8 for round bars)

coefficient for the influence of the form of the stress diagrams
(0.125 in bending, 0.25 for pure tension, 0.25(ei~-2:)/2e; in eccentric tension
or for a zone of the web of a beam)

coefficient (=0.85)

coefficient expressing influence of bond behavior of reinforcement
{1.0 for deformed bars, 1.3 for round bars and PC bars)

bending moment in general at section considered

bending moment at the midspan section due to external force
design bending moment of resistance

strength design moment

bending moment at decompression

loading incremental step in finite element method

axial force In general at section considered

axial force at the midspan section due to external force

axial compressive force of resistance

concentrated external load in general

wave pressure at points A and B

applied load at cracking

applied load at ultimate

resultant wave force

applied load at first yield

reinforcement ratio (==As/bw-d)

unbalanced nodal force vector

average distance between cracks

spacing of web reinforcement

resultant compressive force in compressive reinforcement due to external
force

resultant tensile force in tension reinforcement due to external force
significant wave period

incremental nodal displacement vector

design shear force of resistance

design shear force of resistance in concrete

design shear force of resistance in web reinforcement
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cumnulative dissipated energy in the member

dissipated energy in the member

lpading energy

crack width in general

characteristic crack width

mean crack width

unit weight of sea water

neutral axis depth

distance from the centroid of resultant compressive force in concrete to the
centroid of tension reinforcement

coefficient concerned the first invariant of the stress deviator in the Drucker-
Prager criterion (==0.07)

angle between inclined stirrups and longitudinal axis of member

coefficient related to the centroid of resultant compressive force in con-
crete (=0.4)

reduction factor related to modulus of elasticity of concrete

coefficient related to effective depth being investigated for shear strength
coefficient related to axial force being investigated for shear strength
coefficient related to reinforcement ratio being investigated for shear strength
coefficient related to bond properties of bars (=1/2.5 Ki)

coefficient related to the influence of the duration of the application or re-
petition of the loads

(1 at first loading, 0.5 for load applied in a sustained manner or for a large
number of load cycles)

coefficient {=1.2)

coefficient {(==1.15 in general)

material factor for concrete

material factor for steel

midspan deflection in general

midspan deflection at ultimate

midspan deflection at first yield

strain incremental vector

compressive strain in concrete

compressive strain in extreme compression fiber of concrete

strain in prestressing steel

incremental plastic strain vector

strain in reinforcing bar

compressive strain in reinforcing bar

mean elongation

tensile strain in reinforcing bar

vield strain of reinforcing bar

concrete strains calculated for cracked section

angle in general

Poisson’s ratio

circular constant (=3.1416)

reinforcement ratio

stress incremental vector

compressive stress of concrete

stress tensor
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stress in prestressing steel

stress in reinforcement in general

stress increment in reinforcement in the cracked section being investigated
for crack width

stress in compressive reinforcement

stress in reinforcement calculated on the assumption of a cracked section
where the maximum tensile stress in the concrete (uncracked section) is
taken equal to fe

stress in tensile reinforcement

axial stress in the x direction

axial stress in the ¥ direction

axial stress in the z direction

released stress vector during fracture {cracking or crushing)

principal stress

shear stress

diameter of steel or diameter in general

—125—



Osamu KrvoMmiva and Hiroshi YoxoTta

Appendix A Calculation of the Prestressing Force

Prestressing force in the arc-shaped member must be estimated considering various
kinds of prestress loss. The following three factors are taken into consideration for
the introduction of prestressing force in the test specimen.

@ elastic deformation of concrete

1 N—1
Aapi:E‘%pﬂci—N—" (Al)
. Aeee | Apoaes’
g =00 A2 (2.2
@ Irinction between prestressing bar and sheath (Fig. A.I)
Po=Pia—patiz (A.3)
@ slip at the ancharage system

Further, the effective prestress which is resulted from the time dependent loss is
estimated by other three factors @ to @
@ creep of concrete
& drying shrinkage of concrete
® relaxation of prestressing bar

Ao 120008 (T o F Oopt) + Epeos
z 1—|—4'1vp(0"cm/'0’12!)(1 +(50‘/2

In the fabrication of the PC specimens, the constants in above equations are

3 +yope (A.5)

|
arral
corgerent

at infroductiol
tensile force| S
in PC steel f f=
&
a%rc%arage
A

Fig. A.1 Priction between Prestressing Steel and Sheath, and Tensile Force
in Prestressing Steel at Ancharage

e 126 —-



Nounlinear Properties of Arc-Shaped Conerete Members

decided as follows. The initial prestressing force immediately after introduction of
prestress is the factors @ to ® and the objective effective prestress of 20 kgffcm?® at
the time of loading test.

np=Ep/E.=2.0 x 10° kgf/cm?/3.0 x 10° kgl/cm*=6.67

ges=200x 108

gﬂn=l.9
v=0.03
Tea=0
crm=§—2+£}fi=% (e»==0)
G"pl="‘“P“i*= i
Ap 1.9

Arp=0.089P.+369.3-+0.0158P, (kgffom?)
0.089P:+369.3 ;

creep and shrinkage relaxation

pe—_“Q_QZ_E“%Q“: 3126 kgf/cm“

O'pazO'pb“”AG'p
Pi=7418 kgt

Consequently, the initial prestressing force is 7418 kgf (total).
The mechanical loss @ to @) are estimated as follows:

Avros= Apﬂ'pi _ Pl’
A, T 997
Ne2
1 P o1 ,
Aopi=g X 6.67 X 5oz x5 =5.614x 10722,
mept’c“(o.3X0.TSS-HI-003K1.45G)20_787P"
APﬂ—i—lA »Ep=0  (4I=0 Dbecause of the nut ancharage)

0.787P/—5.614x 10" P/ x 1.9=F,
P,/ =9555 kgf
Thus, the objective strain in the PC bar immediately after the introduction of prestres-
sing is calculated to be P.f2/E;=1855% 1075

Control for prestressing force is conducted by the above strain in the prestressing
bar at the midspan.

Notations
Ae : area of concrete
A :  area of prestressing steel
Ee ¢ modulus of elasticity of concrete
Ey : modulus of elasticity of prestressing steel
2y :  eccentricity of the prestressing force
e : moment of inertia of uncracked concrete section
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I :  total length of prestressing steel

Al : slip of prestressing steel

N :  numbers of prestress introduction

9ip 1 modular ratio Ep/E,

Pi,« @ prestressing force at the end of prestressing steel (7) or at section &

P . final prestressing force at introduction

Py . initial prestressing force at introduction

@ : total angular change of prestressing steel between two points (radian)

v . relaxation coefficient

€os . concrete strain due to drying shrinkage

A : coefiicient in prestress loss

1t . curvature friction coefficient

Oot . compressive stress at the centroid of prestressing steel due to prestress
Tea . compressive stress at the centroid of prestressing steel due to permanent load
oo 1 compressive stress at the centroid of prestressing steel due to prestressing
Adowm . reduction of average tensile force in prestressing steel

Ot :  stress in prestressing steel due to the final prestressing force

P : creep coefficient

Appendix B Distribution of Prestress in the Specimen

Tt is difficult to estimate the distribution of prestress in the arc-shaped member.
Measurement of strains along prestresing bars in the arc-shaped member is carried out
at the introduction of prestressing to know the distribution of prestress. The location
of measurement is shown in Fig. B.1l.

Measured strains at the introduction in prestressing and reinforcing bars are shown
in Figs. B.1 to B.5. First, prestressing force is introduced in the prestressing bar A, and
then in the prestressing bar B.

Moreover the variation of prestress with the lapse of time is shown in Fig. B.6.
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strain in steel (x107)

Fig. B.1 Strain in Steel at the Prestressing (PC-1)
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Fig. B.2 Strain in Steel at the Prestressing (PC-2)
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Fig. B.3 Strain in Steel at the Prestressing (PC-3)
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Fig. B.4 Strain in Steel at the Prestressing (PC-4)
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Fig. B.6 Variation of Strain in Steel After the Prestressing
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