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1. Strength and Deformation of Beam-to-Column Joints
for Offshore Concrete Structures

Osamu Kivomiva*
Hiroshi YogRoTA**
Toshiyuki Yoror***

Synopsis

Prestressed precast concrete members are being introduced to offshore structures. When
they are assembled on the fabrication yard or the construction site to form an overall
structure, the joints among precast members are introduced in the structure. For land con-
crete structures such as buildings and bridges, many connecting methods have been pro-
posed. However, the connecting methods proposéd for the offshore structures are not so
many as those for land ones. )

The concrete members and joints in the offshore structures are subjected to strong
wave forces repeatedly in horizontal and vertical directions and are exposed to severe
corrosive environments. Some connecting methods for the land structures cannot be applied
to the offshore structures in viewpoint of the force properties and the corrosion of steel
bars.

Five kinds of the joints between a beam and a column which have the possibility of the
application to the offshore structures are selected. These joints are the monolithic joint,
the cast-in-place concrete joint, the adhesive joint, the haunch joint, and the insertion joint.
Static loading tests on the specimens were carried out to study their strength and crack
properties. The structural design calculations by the limit state design methods (JSCE in
1983 and CEB-FIP in 1978) were made and compared with the test results to examine the
applicability of the design methods to offshore structures. .

This report describes the results of the loading test and the comparison of the experi-
mental results with the calculated ones obtained by the limit state design method. The
following main results were obtained by this study:

1) The flexural collapse was dominant in each specimen. The ultimate strengths of the
cast-in-place concrete joint, the haunch joint, and the insertion joint were almost the
same as that of the monolithic joint. The ultimate strength of the adhesive joint was
considerably lower than those of the others.

2) In all the specimens, flexural cracks appeared at the joints due to the loading. However,
crack patterns differed among the specimens. The maximum crack width in the adhesive
joint was larger than those in the other joints at a certain loading stage. The application
of the adhesive joint to the offshore structures needs careful consideration on durability
of materials such as concrete and steel.

3) As to the ultimate strength and the crack width, the formulae presented in the limit
state design method gave the safe side values for the five kinds of the joint.

* Chief of Subaqueous Tunnels and Pipelines Laboratory, Structures Division
** Senior Research Engineer, Structures Division
*** Director, Structures Division
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Strength and Deformation of Beam-to-Column Joints for Offshore Concrete Structures

1. Introduction

Many types of offshore structures made of reinforced or prestressed concrete have
been constructed in order to utilize the offshore space and exploit natural resources
in the offshore regions. Offshore concrete platforms, sea walls of man-made islands,
and breakwaters can be cited as examples. In constructing the concrete structures in
the offshore regions, execution work is performed under severe marine environments
such as waves, winds, and tidal currents. Therefore, rapid and reliable execution
work is demanded at the construction site in the offshore regions. To cope with the
demand, the prefabrication method is one of the most effective and practical methods.
Structural members are manufactured at factories or yards on the land, and then
they are put together. In such structures, there exist the joints among members.

The concrete members and the joints in offshore structures are subjected to
strong wave forces due to storms repeatedly, and are exposed to severe environments
that can cause corrosion to embedded steel bars and deterioration to concrete. Some
kinds of joints in the land structures such as buildings and bridges may not be
applied to the offshore structures because natural environments in the offshore are
much severer than those on the land. Therefore, the joints in the offshore structures
must be judged their adequacy, and the procedure to des1gn these joints must be
examined and established. .

There are many kinds of joints as to types of connected members ; beam-to-
column, wall-to-wall, floor-to-wall, etc. In this study, the joint between a beam and a
column was taken up. Five kinds of the joints which were considered to be applicable
to the offshore structures were selected. Static loading tests were carried out on the
specimens to clarify their mechanical properties: ultimate strength, crack formation
and so on. The calculation of the ultimate strength and the crack width was also
carried out by the limit state design method to clarify the applicability of the design
method to the joints in the offshore structures. Then the calculated results were
compared with the test results.

The research program on the joint in offshore structures consists of the follow-
ing three work: the static strength and crack formations of the joints when flexure
forces are applied, the fatigue strength, and the strength of the joints when both
flexure and axial forces are applied simultaneously. This paper describes only the
results of the first work, that is, the mechanical behaviors of the joints under the
static loads. The authors are carrying out the fatigue loading tests and the two-direc-
tional loading tests. The results of those tests will be published in the near future.

2. Outline of Joints

2.1 Joints in Land Structures

A joint connects structural members such as beams, columns, walls, and floors
each other. The joint is one on the most important parts in land structures such as
buildings and bridges made of concrete members. Many kinds of connecting methods
have been proposed and used particularly in buildings [1]. The examples of the joints
used in buildings are shown in Fig. 1. The joints are divided into four categories in
respect to the connecting methods as follows:
(@) Cast-in-place concrete joints
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Fig. 1 Examples of joints [2, 3]
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(b) Welded joints
(¢) Mechanical joints
(d) Monolithic joints

The cast-in-place concrete joints are called wet joints. Members are connected
at the cast-in-place concrete region where bars are jutted out and spliced. As for the
welded joints, members are connected by welding of steels as the joint part. As for
the mechanical joints, members are connected by bolts or other mechanical ties. The
welded joint and the mechanical joint are called collectively the dry joint. The mo-
nolithic joints are made by casting of concrete into connected members at the same
time without any connecting devices from (2) to (c) as mentioned above. Taking the
following items into account, these joints in land structures must be designed:

{8) Dimension and purposes of structures

(b) Properties and kinds of forces which should be transmitted through the joint.

(c) The accuracy of precast concrete members

(d Work at the site: availability of construction machines, natural conditions, con-
struction periods, and so on

2.2 Joints in Offshore Structures

The following fundamental items should be considered in designing joints in

offshore structures:

(8) Strength and deformation of the joint

(b) Crack formation and crack width at the joint
(¢) Corrosion of embedded bars and steel

(d) Deterioration of concrete

(e) Fatigue properties of the joints for wave forces
(f) Execution methods of the joints

(8 Details of the bar arrangement and the haunch

To know the crack formation is important in offshore structures. Excessive cracks
do great damage to the structures. For example, the corrosion of reinforcing bars,
the degradation of concrete surfaces, and the degradation of the watertightness are
associated with the formation of cracks. Thus, in the examination of the serviceability
limit state, it is required to calculate crack width which is a function of the induced
bar stress due to the permanent load, the concrete cover, and so on, and therefore,
the crack width should be smaller than the allowable value.

In offshore structure, the three exposure conditions are considered, that is, the
atmospheric zone, the splash zone, and the submerged zone [4]. In “Technical Stan.
dard for Port and Harbour Facilities in Japan (1980)” [5], the minimum concrete
covers for embedded reinforcement are specified as 7 cm in cases of directly contact
with sea water, being washed by sea water, and exposed to severe sea wind, and as
5cm in other cases. The concrete cover is related to the crack width at the concrete
surface. The above values of the concrete cover are set to restrict the crack width
below 0.2 mm in the splash zone.

2.3 Selected Connecting Methods

Five types of joints were selected in this study, which could be classified into
the cast-in-place concrete joint and the mechanical joint described in 2.1. The welded
joint was not selected in this study because the welding work is considered to be
very difficult at the site in the offshore regions. The selected joints are shown in
Fig. 2.

(#) Monolithic joint

The joint in the monolithic structure is formed at the intersectiom of a beam and

a column. Both members are reinforced by steel bars monolithically, then concrete is

—_ 9 —
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Fig. 2 Outline of connecting methods

cast at the same time.
(b) Cast-in-place concrete joint :

This joint connects precast concrete members by means of cast-in-place concrete
and splice joints of reinforcing bars. Reinforcing bars jutted out from the precast
members are spliced to satisfy the specified lap length. Afterwards, concrete is cast
between the precast members. The shrinkage compensating concrete is normally used
at the joint region.

{c) Adhesive joint

The two precast members are connected by the adhesive agent at the intersection
and prestressing tendons. The peculiarity of this joint is that no reinforcing bars
pass through the intersection of members. The cohesive forces of the agent transmit

* the induced forces without reinforcing bars. Moreover, the adhesive agent is also

expected to provide Watertlghtness at the joint.
(d) Haunch joint

The end of the column which is to be connected to another member is widened
to form the haunch where PC tendons will be located. Prestressing forces are applied
for connecting precast members. The adhesive agent is additionally applied at the
joint face so as to make the strength higher and to provide the watertightness.

(e) Insertion joint

This joint is often seen as the slab-to-column joint rather than the beam-to-column
joint. The column is inserted into the hole of the slab or the square notch of the
beam. The void of the two members is filled with shrinkage compensating cement
paste or mortar.

These five types of joints can be apphed to reinforced and/or prestressed concrete
offshore structures. In the prestressed concrete structures in the marine environment,
the bonded prestressing members have generally been adopted. The unbonded members
are not generally used there because of the corrosion of prestressing tendons, etc. In
the future, the unbonded members, however, will be used in upper part of the offshore
structures above sea level when the protection method for the tendon from corrosion
is established.

3. Description of Experimental Work

3.1 Test Specimen
Sixteen test specimens were manufactured corresponding to the five types of joint
as shown in Fig. 2. Each specimen consisted of a column and a beam (in case of a
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slab). The intersection of the two members will be referred as a joint region. Each
specimen had its own unique joint and the arrangement of reinforcement.

The column was 30 cm in width, 30 cm in thickness, and 140 cm in height. The
beam was 30 cm in width, 50 cm in thickness, and 200 cm in length. Each specimen
has a designation code like “M-R-16.” The first letter stands for the connecting me-
thods adopted, that is, M for the monolithic joint, C for the cast-in-place joint. A for
the adhesive joint, H for the haunch joint, and I for the insertion joint. The second
letter stands for reinforced (R) or prestressed (PB or PU) concrete members. PB stands
for the bonded PC member and PU stands for the unbonded PC member. The numeri-
cal number in the last represents the reinforcement ratio of the column, that is, 16
and 23 stand for 0.16% and 0.23%, respectively. Specifications of all the specimens
are summarized in Table 1. The details of bar arrangements of M-PU and M-PB are

Table 1 Specifications of the column in the specimens

b Xk | reinforce. |Feinforce- spacing *lhoop Tpe Sflea
specimen ment "Iment ratio| PC bar [of hoop |reinforcement

(cm) (%) (cm) [ratio (%) (kgf/cmz) (kgf/cm?)
M- R -16 30%x30 4-D10j 0.16 — 5 0.42 — 240
M- R -32 30x30} 12-D10] 0.32 — 5 0.42 — 240
M-P U-16 30x30 4-D10| 0.16 2-¢17 15 0. 40 20 350
M-P U-32 30x30( 12-D10| 0.32 2-¢23 15 0.14 40 350.
M-P B-16 30x 30 4-D10| 0.16 2-¢17 15 0.14 20 350
M-P B-32 30x30( 12-D10| 0.32 2-¢23 15 0.14 40 350
C- R -16 30x30 4-D10| 0.16 - 5 0.42 — 240
C- R -32 30x30| 12-D10} 0.32 — 5 0.42 — 240
C-P B-16 30x30 4-D10| 0.16 2-¢17 15%% 0.14 20 350

12 0.17
C-PB-32 30x30| 12-D10| 0.32 2-¢23 153 0.14 40 350
12 0.17

A-P B-16 3030 4-D10 | 0.16*V | 2-¢17 15 0.14 20 350
A-P B-32 30x30| 12-D10| 0.32*2 | 2-$23 15 0.14 40 350

30x30 4-D10| 0.16 2-¢17 15 0.14 20 350
H-P B-16*% |

60X 30 4-D10| 0.16%" | 2-¢17 15 0.14 20 350

2-¢23

30x30( 12-D10] 0.32 2-¢23 15 0.14 40 350
H-P B-32%%

60x30| 12-D10| 0.32%" | 2-¢23 15 0.14 40 350

2-¢32

1-PB-16 30x30 4-D10| 0.16 2-¢17 15 0.14 20 350
I-PB-32 30><30' 12-D10| 0.32 2-¢23 15 0.14 40 350

*]1) Reinforcement ratio was zero at the joint face.

*2) The diameter of the hoop was 6mm.

*3) The lower value was that in the cast-in-place region.
*4) The lower line shows those of the haunch.
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Fig. 3 Details of the specimens (M-PU and M-PB)

shown in Fig. 3. Those of the other specimens are presented in Appendix A.

The specimens designated as M-R were the monolithic reinforced concrete ones.
Concrete was cast into the beam and the column at the same time. M-PB and M-PU
were monolithic prestressed concrete specimens. Two prestressing bars were inserted
into sheaths arranged through the joint face. Prestressing forces were introduced by a jack
at the age of about one week. For the bonded PC specimens, each prestressing bar
was bonded to its surrounding concrete by grouting into the void between a prestress-
ing bar and its sheath. On the other hand, for the unbonded ones, the grouting was
not performed. In C-R and C-PB, the beam and the column were connected with
cast-in-place concrete. Reinforcing bars jutted out from the precast column and the
precast beam were spliced. The lap length of reinforcing bars was approximately 25
cm. The joint region, the cast-in-place region in this case, was 30 cm in height from
the intersection of both members. In A-PB, the beam and the column were connected
with adhesive agents. Furthermore, prestressing forces were introduced to connect
both members tightly. H-PB had a haunch which made the area of the joint faces
larger. The adhesive agent was also applied at the joint surface. The haunch was 30
cm in width, 60 cm in thickness, and 30 cm in height. I-PB had the insertion joint.
This joint was formed by inserting the column into the slab, and then by filling the
space between the two members with expansive cement paste. The slab was 90 cm
in width, 150 cm in length, and 80 cm in thickness.

3.2 Material Properties
The materials used for concrete were as follows :
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(a) Cement
High early strength portland cement conformed to JIS R 5210 was used. Table 2
gives the physical and chemical properties of the cement.

Table 2 Properties of the cement

. fineness setting
zgze;‘\;'llftl; Blaine 88pm residual water initial final soundness
(cm?*/g) (%) (%) (h-min) (h-min)
3.12 4210 0.2 29.9 2-04 3-10 good
flexural strength (kgf/cm?) compressive strength (kgf/cm?)
flow 1 day 3 days 7 days | 28 days 1 day 3 days 7 days | 28 days
246 35 51 67 81 129 250 347 471
chemical composition (%)
ig. loss insol. | Si0: | ALO; | Fes0s | CaO | MgO S0, | total
1.0 0.1 | 210 50 | 27 | ess 1.4 26 | 9.6

(b) Aggregate

Crashed stone and sand produced at Hachioji located west of Tokyo was used.
The maximum size of the aggregate was set at 10 mm because of the dimension of
the specimen and the congested reinforcement. Table 3 gives the properties of the

aggregate,

Table 3 Properties of the aggregate

specific bulk density | finess absorption |88upm sieve test| soundness
gravity (kg/m®) modulus (%) (%) (%)
coarse 2.66 — — 0.81 — —
fine 2.16 1712 3.12 1.54 3.15 0.5

(¢) Admixture

The air entraining and water reducing agent was used. Its quantity was 0.25%
of the weight of cement. The expansive admixture was additionally used for shrinkage
compensating concrete which was cast into the joint region in the cast-in-place con-
crete joint. Its weight per unit volume of concrete was 60 kgf/m?®.

The qualities of reinforcing and prestressing bars embedded in the specimens are
as follows:
(8) Reinforcing bar

Steel reinforcing bars conformed to JIS D 3112 SD 35 were used. The diameter

Table 4 Mechanical properties of reinforcing bars

diameter yield strength tensile strength elongation
(mm) surface type (kgf/cm?) (kgf/cm?) 25
6 deformed 3750 5420 26.3
10 deformed 3920 5560 23.2
13 deformed 3750 5560 23.5
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was 10 mm for the column reinforcement, 13 mm for the beam reinforcement, and 6
mm for the hoop reinforcement and for others. Their mechanical properties are
presented in Table 4. :
(b) Prestressing bar

Prestressing bars conformed to JIS G 3109 Type A-1 (SBPR 85/95) were used
for the PC specimens. The prestressing bars of 17 mm in diameter were arranged in
the column with the lower reinforcement ratio (0.162). Those of 23 mm in diameter
were arranged there with the higher reinforcement ratio (0.32%). In the haunch
region, those of 23 mm (for H-PB-16) and 32 mm (for H-PB-32) in diameter were
used to connect both members. Moreover, those of 23 mm in diameter were arranged
in the beam. Table 5 gives mechanical properties of each prestressing bar.

The adhesive agent (epoxy resin) was applied to the joint faces of the adhesive
joint specimens and the haunch joint specimens.

Table 5 Mechanical properties of prestressing bars

diameter s yield strength |tensile strength| modulus of |elongation ‘
urface . 1 lasticit
type specimen _ . . elasticity .
(mm) (kgf/cm?) (kgf/cm?) (x10%gf/ecm®) | (%)

17 round M, C, A, H, I-PB-16 9100 10000 2.04 11

17 round M-PU-16 9100 10000 2.03 11

23 round | M, C, A, H, I-PB-32, H-PB-16 8700 9600 2.04 9

23 round M-PU-32 8800 . 9700 2.03 10

32 round H-PB-32 9500 ’ 10500 2.04 12

*1) presented in the column. ¢17 prestressing bars were used in the beam.

3.3 Fabrication

Specified characteristics of concrete such as compressive strength, slump, and air
content are listed in Table 6. Design concrete strength was 240 kgf/cm? for the RC
specimens and 350 kgf/cm? for the PC specimens. The mix proportions of concrete
given in Table 6 were determined to satisfy the specified characteristics.

Concrete was mixed in a batching plant, and then cast into a form and compacted
with rod type vibrators. Slump, air content, and initial temperature of concrete were me-
asured before casting, so as to confirm the fulfillment of the specified characteristics.
Table 7 presents the properties of the concrete at the time of casting, and the com-
pressive strength at the age of 28 days.

In the cast-in-place concrete joint specimens, concrete was cast at the same time
into the beam and the column except for the joint region between the two members.
Then after about one week from the preceding concrete casting, shrinkage compensat-
ing concrete was cast at the joint region. At that time, the chipping was carried out
so as to remove laitance and inferior aggregates at the both joint surfaces.

Table 6 Specified mix for the concrete

specified | Imaximum| air |water. | fine weight of materials water
type of | concrete UmD \size of content | cement| agg. water | cement fine coarse | reducing
specimen strengtl; (em) aggregate ratio ratio agg. agg. | agent
(kgf/cm?) (mm) | % | GO | Ciegt/m® (t/m®)
PC 350 8+2.5 10 5+1 60 50 170 283 900 916 2.83
RC 240 8+2.5 10 5+1 74 52.8 174 235 965 879 2.35
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Table 7 Properties of the concrete

slump air content concrete compressive
No. temperature strength at
Cem) %) (G(®) 28 days (kgf/cm?)
M- R -16 4.5 5.2 11 283
M- R -32 4.5 5.2 11 283
M-P U-16 7.2 4.3 9 330
M-P U-32 7.2 4.3 9 330
M-P B-16 7.2 4.3 330
M-P B-32 7.2 4.3 i 330
C- R -16 4.5 5.2 11 283
C- R -32 4.5 5.2 11 283
C-P B-16 5.4 3.8 11 385
C-P B-32 5.4 3.8 11 385
A-PB-16 5.6 3.6 12 331
A-P B-32 5.4 3.8 11 385
H-P B-16 5.6 3.6 12 331
H-P B-32 6.0 4.7 20 319
I-P B-16 5.6 3.6 12 331
I-PB-32 7.0 4.4 12 326
Table 8 Mix proportion of the grouting cement paste
cement water warer-cement ;v;;s: reducing ggivnéiex;um
(kgh) (kgt) | 720 (g0 (2h)
40 18 0.45 100 3

Prestressing force was introduced in the PC specimens in accordance with the
JSCE -Standard for Prestressed Concrete [6]. In order to guarantee the effective pre-
stress value (20 kgf/cm?® for the lower reinforcement ratio specimens or 40 kgf/cm?
for the higher ones) at the time of the loading test, due consideration was given to
various factors leading to the loss of prestress [7] for the determination of the initial
prestressing forces. Cement paste grouting was performed immediately after the
introduction of prestressing forces. The mix proportion of the cement paste for grout-

Fig. 4 Testing setup

s S

Fig. 5 Testing setup
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ing is listed in Table 8.
For the insertion joint specimens, the cement paste which had the same quality

as that used for PC-grouting was filled into the void between the column and the
slab.

3.4 Test Procedures and Instrumentation
The loading test was conducted on the test bed at the Port and Harbour Research
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Institute. The test specimen was fixed onto the floor with four prestressing bars of
32 mm in diameter which passed through the specimens. Figures 4 and 5 show the
test setup.

Concentrated lateral load was applied at the point of 20 cm distance below the
top of the column as shown in Fig. 6, with a hydraulic jack of 50 tf in capacity and
200 mm in stroke. Consequently, the joint region was subjected to flexural moment
and the shear force.

All the specimens were loaded to failure under the following loading programs:
Up to the first yield of reinforcing bars, the load was monotonically increased by an
increment of about 0.5 or 1.0 tf. When the first yield was confirmed in the measure-
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ment, the applied load was released (unloaded). After that, the loading-unloading
repetition was controlled by the measured deflection at the loading point. Namely,
the maximum deflection at ith loading step was set equal to ¢ + ,, where dy denotes
the deflection at the first yield. The applied load was supposed to be wave forces
which acted on real offshore structures, but dynamic effects of wave forces were not
considered in this study. Moreover, the vertical load was not applied which corre-
sponded to the weight of superstructures, uplift forces due to waves, and the rotation
of structures due to waves.

In the experiment, applied load, deflection, strain of concrete and reinforcing and
prestressing bars, and crack widths were measured. The applied load was measured
with a load cell attached at the tip of the jack. The deflection of the test specimen
was measured with displacement transducers of 50 mm in stroke. The strains in con-
crete and bars were measured with electrical resistant strain gauges attached onto
the respective surfaces. The gauge length was 3 mm for reinforcing and prestressing
bars, and 30 mm for concrete. Two strain gauges in pairs were attached at each
measuring point on the bars, and the strain of bars was defined as the average value
of these measured strains. The locations of displacement transducers are shown in
Fig. 7. In the test of the insertion joint, displacement transducer D 4 was not installed.
The locations of strain gauges installed in the M-PU, M-PB, C-PB, and A-PB
are shown in Figs. 8 and 9. The locations of the other specimens are presented in
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Appendix B.

Contact points were attached on the one-side of the test specimen in order to
measure crack widths as shown in Fig. 10. The interval of contact points was about
100 mm. Locations of cracks and their developments were measured and sketched by
visual inspection.

All the measurements were performed at each loading step except for the crack
width, The crack width was measured at the maximum load applied in each loading
cycle for the sake of reducing the measuring time because of avoiding the influence
by the creep and relaxation infection.

4. Experimental Results and Consideration

4.1 General

Results and consideration from the experiment on the sixteen specimens are pre-
sented and discussed. Specifically, applied loads or moments at the first crack, at the
first yield, and at the ultimate, deflection at the loading point, cracks occurred on the
concrete surface, strains in bars and concrete, and energy absorptions are discussed
in detail.

The applied flexural moment calculated from the applied loads and the deflection
of the column are summarized in Table 9. The moment was calculated by multiplying
the applied load by the loading-span. The loading-span was defined as the distance
between the loading point and the joint surface for M, C, A, and I specimens, and
that between the loading point and the top section of the haunch for H specimens. The
ultimate flexural moment (M,) was defined as the maximum value of the applied
moment. The first yield moment (M,) is the value when strain of bars reached the
yield one which was defined as the yield strength divided by the modulus of elasticity.
Moreover, the cracking moment (M) is the value at which a crack was initiated on
the concrete surface. Furthermore, the deflections at the first yield (§,) and at the
ultimate (6.) were measured at the loading point in the respective loading steps. The
value of 4 was defined as the ratio of 3. to d,, that is, the ductility factor at the
ultimate. The ductility factor at the ultimate is an index of the toughness of the
member.
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Table 9 Summary of the experimental results

H g i~

specimen test:(ndg )a g9 (k gfj}éme) (kgfj;cc‘mz) (X 10511¥g°.f.cm) (x loﬁﬁlg?f.cm) (x 105ﬁ4guf~cm) (mm)| ¢ rg';n) i
M- R -16 49 295 40.8 1.18 1.61 2.60 2.47 | 23.58 |9.55
M- R -32 53 295 40.8 1.77 3.29 5.08 4.72 | 17.27 | 3.66
M-P U-16 37 375 48.7 2.95 3.52 5.91 3.28 |21.33 |6.50
M-P U-32 34 375 48.7 3.54 6.57 12. 40 4.60%% 21.50%% 4,67
M-P B-16 47 375 48.7 2.95 4.30 5.91 3.57 | 11.42 |3.20
M-P B-32 43 375 48.7 3.54 7.68 11.81 8.29 |30.91 |3.73
C- R -16 60 295 40.8 0.59 1.51 2.01 5.18 | 27.57 |5.32
C- R -32 56 295 40.8 1.77 4.03 5.31 5.54 |20.68 |3.73
C-P B-16 62 340 46.8 1.77 4.81 7.09 4.29 [19.13 | 4.46
C-P B-32 59 340 46.8 3.54 8.82 12.88 7.33 | 21.31 |2.91
A-P B-16 79 367 49.4 2.36 — * 4.13 — | 12.29 -
A-P B-32 66 340 46.8 4.72 — % 6.50 — 112.99 —
H-P B-16 83. 367 49.4 2.64 4.69 6.61 3.46 8.75 | 2.53
H-P B-32 42 335 47.6 2.64 8.46 11.89 6.25 |22.98 | 3.68
I-P B-16 89 363 " 45.2 3.08 4.22 6.96 2.56 119.13 | 7.47
I1-P B-32 80 417 44.4 3.52 7.55 12.33 4.42 | 17.79 | 4.02

*) Reinforcing bar did not yield.
*%) The values were measured at D-1 shown in Fig. 16.

- Compressive and flexural strengths of concrete (f¢’ and f.) at the loading test
were measured through the preliminary tests. Cylindrical specimens of ¢ 10X20 cm
conformed to JIS A 1108 and prism specimens of 10X10X40 cm conformed to JIS A
1106 were applied to the respective tests.

The outline of the fracture mechanism of the specimens could be summarized as

follows [8, 9]:

(2) All the specimens showed the flexural failures. The shear failure was not dominantly
observed.

~(b) The buckling failure or tensile fracture of the longitudinal reinforcing .bars and
prestressing - ones did not occur at the joint.

(c) The column did not penetrate into the beam. The longltudmal reinforcing bars
did not come out from the beam.

(@) The fracture concentrated at nearby the joint. In the haunch joint specimens, it
occurred also at the upper section of the haunch. The beam did not collapse in
all the specimens.

(¢) The anchors of prestressing bars were not broken.

4.2 Strength and Deflection
‘Measured load-deflection curves are shown in Appendix C. Since the loading-span

was different among the specimens, the load-deflection curves were modified to the
flexural moment-curvature curves for the sake of the comparison. In the haunch joint
specimens, .the loading-span was defined as the distance between the loading point
and the upper section of the haunch. The envelopes obtained from the  flexural
moment-curvature curves are shown in Figs. 11 through 14. The applied flexural
moments were obtained by the applied load multiplied by the loading-span. The
curvature was calculated from the measured strain of bars and concrete in the vicinity
of the joint face.

¢
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The ultimate load or the ultimate flexural moment will be discussed. The ultimate
flexural moment of M-R-16 (monolithic reinforced concrete) was larger than that of
C-R-16, but those of the other monolithic specimens were smaller than those of the
connected ones. The existence of splice joints of bars and the variation of concrete
strength could cause the difference among their ultimate moments. Those of the
adhesive joint specimens were 50 through 70% of those of the monolithic specimens,
because no reinforcing bar passed through the joint. Furthermore, there are little
differences among ultimate moments of the haunch joint, the insertion joint, and the
PC monolithic joints. Flexural properties of the haunch joint was almost the same as
that of the monolithic joint. The ultimate flexural moments of the bonded PC specimens
and the unbonded ones were almost the same, and then there is not an important
primary factor to the ultimate moment whether the PC bar is bonded or not in this
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loading test. -

The capability of deflection or rotation about the joint can be examined by the
curvature and the ductility factor. There were no differences of the curvature at the
joint among the RC specimens. The bonded PC specimen provided less or almost the
same curvature than the unbonded ome. The curvature at the joint of the adhesive
joint was the smallest. That of the insertion joint was the second smallest, and those
of the other specimens were almost the same.

The ductility factor at the ultimate is listed in Table 9. The values ranged from
3 to 10. It could be said that the connected specimens had enough ductilities [10].

The deflected shapes along the height of the column are shown in Figs. 15 (M-
PB) and 16 (H-PB). Those of the other specimens are presented in Appendix D.
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The deflected shape was almost linear, and no deflection was measured at the joint
section. In other words, penetration of the column into the beam and the horizontal
displacement of the column at the joint were not observed. The haunch joint specimens
showed little deflection in the haunch region up to the first yield. Afterwards, the
deflection at the joint of H-PB-16 was little up to the ultimate, but that of H-PB-32
" was significantly observed.

Figure 17 shows the stiffness degradation. The stiffness of the specimen could be
obtained by the following equation :

K=M/¢: e (1)

where, K;: average stiffness
M;: applied bending moment
¢ - measured curvature
i :ith loading cycle
Since reinforcing bars did not yield in the adhesive joint specimens, their results were
not shown in these figures.

The stiffness on all the specimens decreased significantly even before the first
yield. Furthermore, the specimens showed almost the same degraded stiffness regard-
less of joint types. However, there was a little difference of the stiffness degradation
between the bonded and the unbonded PC specimens.

4.3 Crack Formation

Figures 18 through 25 show crack formations observed on each column. The
numerical numbers in these figures show the applied load corresponding to the crack
development. In general, only flexural cracks were formed in the specimens with the
lower reinforcement ratio, and on the other hand in the specimens with the higher
reinforcement ratio, shear cracks were additionally formed as the load was increased.

Almost the same crack formations were observed both in the bonded PC specimens
and in the unbonded PC ones as shown in Figs. 19 and 20.

In the cast-in-place concrete joint specimens, cracks were initiated at the upper
and the lower sections in the cast-in-place region simultaneously and developed at
both joint faces. Subsequently, cracks were formed on the cast-in-place concrete region

M-R-16 M-R-32
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125 -25
Fig. 18 Crack formation (M-R)
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and on the column. On the other hand in the monolithic specimens, cracks were
initiated at the joint section, and subsequently on the other sections of the column.
Only a crack was initiated and developed at the joint section in the adhesive joint
specimens up to the ultimate. Cracks were not formed at the joint surface in the
haunch joint specimens, but initiated on the upper section of the haunch. In particular,
many shear cracks were formed in the haunch and the column in H-PB-32 as shown
in Fig. 24. There was no remarkable difference of crack formations between the
monolithic and the insertion joint specimens.

Figures 26 and 27 show the variations of the crack width measured on the
specimens with the higher reinforcement ratio. Those of the other specimens are
presented in Appendix E. The crack width refers to its maximum value. It was
measured at the joint section except for the haunch .joint specimens. The maximum
crack width was observed at the upper section of the haunch in the haunch joint
specimens. The ratio of the applied loads when the maximum crack width was 0.1
mm to the ultimate loads ranged from 0.3 to 0.5. The ratio when the maximum crack
width was 0.2mm ranged 0.4 to 0.6. These ratios of H-PB-32 and I-PB-32 were
slightly larger than those of the other specimens.

4.4 Strain of Bars and Concrete
(1) Strain of Longitudinal Reinforcing Bars

The measured strains in longitudinal reinforcing bars in the columns with the
higher reinforcement ratio at nearby the joint are shown in Figs. 28 through 31. For
the sake of clarity of the figures, only the envelopes are drawn in these figures.

As shown in Fig. 28, strain of the reinforcing bar in the connected specimen
was slightly smaller than that in the monolithic specimen. Measured strain of rein-
forcing bars in the unbonded PC specimen was larger than that in the bonded PC
specimen when the applied flexural moment exceeded 5tf:m as shown in Fig. 29.
Strains of reinforcing bars were almost the same among M-PB, C-PB, H-PB, and I-
PB. However, strain of the reinforcing bar in the adhesive joint specimen was merely
400X 107° at the ultimate, because no reinforcing bars passed through the joint surface.

The examples of measured strains of reinforcing bars in the columns with the
lower reinforcement ratio are shown in Figs. 32 and 33. Being compared of the bonded
PC specimen (M-PB-16) with the unbonded one (M-PU-16), strain of the reinforcing
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Fig. 28 Variation of strain of reinforcing bars (M-R-32 and C-R-32)




applied moment (1f-m)

o N » o ©

-2
-4
-6
-8
-10

2,

Strength and Deformation of Beam-to-Column Joints for Offshore Concrete Structures

strain (x10°%)

i T ] T T
— M-PU-32 -
= Lh i
1 1 1 i 1
T L} T T 1]
LA
M-PU-32
M-PU-32
- T M-PB-32 -
| 1 ] i L 1 1 i i
3000 -2000 -1000 [o] 1000 2000
strain (x107%)
Fig. 29 Variation of strain of reinforcing bars (M-PU-32 and M-PB-32)
12 T T —T T T T T
i 1-pB-32 | c-PB-32
C-PB-3
8 L
T s
= 41—
E
g 2r
(-3
£ o + + -
- }
L
a "2 T ]
s
_4 — -+ -
-6 4 12 |
—sl 1 I-PB-32
1-PB-32
-lo — -4 - - —
c-PB-32 ¢-P8-32
Q12 1 1 ] 1 ] 1 I 1
=2000 -1000 [o] 1000 2000 3000

Fig. 30 Variation of strain of reinforcing bars (C-PB-32 and I-PB-32)

3000



(tf-m)

applied moment

opplied moment (tf-m)

Osamu KrvoMiya - Hiroshi YokoTa - Toshiyuki YOKOI

12 T T T T T T T T
ok 1 H-PB-32
H-PB-32 ROATY
8 A-PB-32| A-PB-32
6 | <+ —
4 — <+ —
2 b -+ —4
~of : . ~ } : t + ;
—2 — +4 —
-4} 1 =
-6 - —
A-PB-32| A-PB-32
8 bl H-PB-32
=10 H-PB-32 T 1
-2 | 1 L ! | ! ! !
%2000 - -~ - -1000 - - - 0 1000 2000 - -~ - 3000
strain (x107%)
Fig. 31 Variation of strain of reinforcing bars (A-PB-32 and H-PB-32)
10 T T T T T T T T
8 — <+ —
oL M-PB-16 i
Tsls M-PB-I6
T M-PU-16 ]
2 -
0 t t + } t t
-2+ 4 - _]
-ab M-PU-| il M-PU-I6 _|
-6 ALY
M-PB-16 M-PB-16
—8 — -4 -
-10 | ! ! ! i ! 1 !
=2000 ~1000 (o] 1000 2000 3000
strain (x107)
Fig. 32 Variation of strain of reinforcing bars (M-PU-16 and M-PB-16)




applied moment (tf-m)

Strength and Deformation of Beam-to-Column Joints for Offshore Concrete Structures

10 T T T T T T T T
8 — -+ -
= |- C-PB-1B 1 c-PB-16
- LBl
= 4L 1 |
<
E ool t .
2
0 : ' — : +
-]
2
3 "2 N
Q
(-]
-4 — 1
Ll
—6 }— —]
-8 - —+ —
-10 | | | | 1 | | |
=2000 -1000 (o] 1000 2000 3000

strain (x107%)

Fig. 33 Variation of strain of reinforcing bars (C-PB-16)

bar in the unbonded specimen was larger than that in the bonded one. This result
was the same as that obtained in the specimens with the higher reinforcement ratio.
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Fig. 34 Variation of strain of prestressing bars (M-PU-32 and M-PB-32)



Osamu KivomiyA - Hiroshi YOKOTA * Toshiyuki Yokol

(2) Strain of Prestressing Bars

Measured strains of the prestressing bars at nearby the joint in the PC specimens
are shown in Figs. 34 through 38. Strain of the prestressing bars was set to zero just
before the loading, that is, induced strain due to the prestressing force was neglected.

Compressive strain measured of the prestressing bars did not exceed 500X107S,
On the other hand, tensile strain of the prestressing bars became large as the applied
moment was increased. Tensile strain of the prestressing bars, however, did not reach
the yield strain. Measured strains of the prestressing bars in the bonded PC specimens
were larger than those in the unbonded specimens as shown in Figs. 34 and 37. This
relationship was reverse to that obtained in the reinforcing bars described in 4.4 (1).
The bond force between the prestressing bar and its surrounding concrete is expected
in the bonded PC specimens, and therefore, larger stress and strain of the prestress-
ing bar in the bonded specimen than those in the unbonded one was observed:. On
the other hand, the reinforcing bars in the bonded specimen showed less stress and
strain than those in the unbonded one, because the prestressing bars could share the
larger forces.
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Fig. 35 Variation of strain of prestressing bars (C-PB-32 and I-PB-32)
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(3) Strain of Hoop Reinforcing Bars

Strains of the hoop reinforcement at nearby the joint in the column are shown
in Figs. 39 through 41. At the ultimate, measured strain was about 120X10-¢ in the
monolithic RC specimens. It was about 50X 107® in the cast-in-place concrete joint RC
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Fig. 43 Variation of strain of hoop reinforcement above the joint region
(M-PU-32, M-PB-32, C-PB-32, and A-PB-32)

specimen (C-R-32). Measured strain was about 100X 107 in the cast-in-place concrete
PC specimen and the haunch joint specimen. Moreover, measured strain was larger
than 300X 107° in the adhesive joint specimen and the insertion joint specimen.

The reason why the smaller strain of the hoop reinforcement occurred in the
cast-in-place concrete joint specimens is as follows : Strains of the hoop reinforcement
located above the cast-in-place concrete region are shown in Figs. 42 and 43. Measured
strain larger than 300X107® was observed there, and the values were larger than
those observed at the joint. Thus, all the applied shear forces did not transfer into
the beam through the upper joint section.

(4) Strain of Concrete

' Measured concrete strain along the column surface are shown in Figs. 44 through
46. Those of the other specimens are presented in Appendix F. These figures show
the maximum strain in each cycle of the load applied. The alternate loading provides
compressive and tensile strains on the extreme fiber of concrete by turns. As the
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Fig. 45 Distribution of strain on concrete (C-PB)

number of loading cycles was increased, however, remaining tensile strain became
large at the extreme fiber of concrete and then compressive strain could not be
observed. These results were not plotted in these figures. Furthermore, strain of

concrete could not be measured

after many concrete cracks occurred. Therefore, the

prior state of concrete strain will be discussed.

The distribution of concrete strain along the height of the column in the mono-
lithic specimens was almost linear as shown in Fig. 44. Considerable large tensile
strain occurred at the upper joint section in the cast-in-place concrete joint specimens
as shown in Fig. 45. However, concrete tensile strain scarcely occurred in the cast-
in-place concrete region. Furthermore, considerable large compressive strain occurred
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Fig. 46 Distribution of strain on concrete (A-PB)

in both types of the specimen with the lower reinforcement ratio compared with the
specimens with the higher reinforcement ratio. Fairly large compressive strain oc-
curred at the joint section in the adhesive joint specimen as shown in Fig. 46. Therefore,
concrete in the adhesive joint specimen shared much more forces than that in the
monolithic specimen did. This result was the reason that the ultimate flexural mo-
ment of the specimen was very small. As to concrete strain, the other specimens
showed almost the same results.
4.5 Energy Absorption and Damping Coefficient

The ability of energy absorption and damping within each cycle of loading will
be discussed. The energy absorption can be determined as the area of the upper half
loading loop A-B-C-A in Fig. 47, and the equivalent viscous damping coefficient (%)
is expressed as follows:

h.=area (A-B-C-A) /area (AOAD) /2x  eeeeeenn (2)

load or moment

—_
»

D

deflection or
curvature

(g
(@)
w

Fig. 47 Definition of energy absorption and #.
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Figures 48 and 49 show the cumulative absorbed energy and the damping coeffi--
cient plotted against the ductility factor. The cumulative absorbed energy naturally
increased as the number of cycles. The energy of the connected specimens were
larger than that of the monolithic ones. However, the energy of all the PC specimens
with the higher reinforcement ratio was almost the same. Moreover, the cumulative
energy absorption of the bonded PC specimen was almost the same as that of the
unbonded PC one.

The damping coefficient ranged from about 5% to 15% in all the specimens.
These values are consistent with those recommended for ordinary PC and/or RC
structures [10]. When the ductility factor exceeded 1.0, the damping coefficient
became large with the increasing in the ductility factor. In general, the damping
coefficient was very small within the elastic range. In this experimental results, how.
ever, large values of the damping coefficient were obtained up to the first yield
(the ductility factor equals 1.0). The reason is that the procedure obtaining energy
absorption up to the first yield was not accurate. In this experiment, a few loading-
unloading loops were applied to the specimen up to the first yield.

5. Comparison of the Experimental Results with the Calculated Ones.

5.1 Flexure and Shear Strength
Ultimate flexural moment and shear force of the specimens were calculated by
the equations proposed in the limit state design method [11, 12, 13]. The outline of
the calculation procedure is described below.
Design strength of the specimen subjected to the flexural moment is obtained on
the basis of the following assumptions: .
(a) Strains in reinforcements and concrete are directly proportional to the distance
from the neutral axis.
(b) Tensile stress of concrete is neglected.
(c) The stress-strain diagram for concrete is defined in Fig. 50.
@) The stress-strain diagram for steel is defined in Fig. 51.
Figure 52 gives stress and strain distributions for a member with a rectangular

- section subjected to the flexural moment. In the case of predominant bending, a sim-

plified rectangular distribution of stress in concrete as defined in Fig. 52 is used.
The meanings of the symbols used in these figures are as follows:
A, area of tension reinforcement
A, : area of compression reinforcement

093fpgt------~--~---—= .
) - frt------- 084fpud}------- i
ktogl--=---~=> | ) 0. Y/ !
o I i S P i
¢ E i Es Er !
1 \ -
) ! 0 0 - Q015
R T Es Ep
0 0002, 000% (a) reinforcing bar (b) prestressing steel
€c ( except type2 )
Fig. 50 Stress-strain diagram Fig. 51 Stress-strain diagram of steel reinforcement

of concrete
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b : width of section
d : effective depth of tension reinforcement ,
d : distance from extreme compression fiber to centroid of compressive rein.-
forcement
fed': design compressive strength of concrete
k1 coefficient for reduction in strength due to sustaining load (=0.85)
N/ : resulting compressive force in the concrete section
N, : tensile force in reinforcement
N, : compressive force in reinforcement
z : neutral axis depth
7: distance from extreme compression fiber to line of action for resulting
compression force ’ '
&’ : compressive strain of concrete
e’ @ limiting concrete strain at the ultimate state
&sc : compressive strain of compression reinforcement
s : tensile strain of tension reinforcement
The equilibrium condition of inner axial forces is expressed as follows:

Nc,'l'Ncc’:Na ............ (3)

where, Ni'=2] Ai/0.c’ and N,=2] As0,. At the ultimate limit state, e’ is set equal
to e’ at the extreme compression fiber, and o is set equal to kifes’. Therefore, N,
is calculated by the following equation:

N/=0.85fcs’ +0.82+6=0.68b°%fea' e (4)

As the induced flexural moment by internal forces is equal to that by the external
forces, the ultimate flexural moment M, is obtained by the following equation:

Mu=Nc, (d_}_’) +N3c, (d_d’) ............ (5)

Equations (3) and (5) can be expressed as functions of z. Therefore, once the value of
x was determined, both the internal forces and the ultimate flexural moment can be
obtained.

Design shear strength is calculated taking account of concrete strength, cross
sectional dimensions of the member, the longitudinal reinforcement, and quantity and
arrangement of shear reinforcement. The design shear strength V.« contributed by
factors other than shear reinforcement should be obtained by Eq. (6).

Vea= foa*bud/ye e (6)
Sod= froa a +84 +ﬁp+ﬁn)
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famz:o. 94fck”/3/)’c
Ba=(100/d)"*—1=20(d: cm)
B»=C100X p,)""?—1=<0.73
ﬂn: M. o/ My£1
where,
foa: design shear strength of concrete
bw: width of a member
bw: ratio of reinforcement (=A,/b.d)
M,: moment at the limit of inducing tensile stress at the section
M. : design moment of resistance
rs: member factor
re: material factor for concrete
When a crack occurs due to axial tension forces, it should be that V,s=0.
Design shear strength V,, contributed to the yield of shear reinforcement should
be obtained by Eq. (7).

Vwe=Auwfuwpaz (sina+cosa) /s/vp e (7)

where, :
Ay area of shear reinforcement
fuwya : design yield strength of shear reinforcement
z: distance from centroid of applied resulting compressive force to centroid of
tension reinforcement (may be regarded as d/1.15)
a: angle between inclined stirrups and longitudinal axis of member
s: spacing of shear reinforcement in direction parallel to longitudinal rein-
forcement .
The design shear strength V. should be obtained by adding the values of V..
and Vya.
The beam-to.column joint in real structures will be subjected to both flexural

Table 10 The calculated ultimate strength

calculated strength ultimate exp./cal.

specimen applied load

Mu(X10°kgf-cm)| V4(x10°kgf) (X10%kgf) moment shear
M- R -16 1.60 16.1 2.2 1.63 7.32
M- R -32 4.36 17.3 4.3 1.16 4.02
M-P U-16 6.57 11.3 5.0 0.90 2.26
M-P U-32 11.59 12.2 10.5 1.07 1.16
M-P B-16 6.57 11.4 ‘ 5.0 0.90 2.28
M-P B-32 11.59 12.3 10.0 1.02 1.23
C- R -16 1.60 16.1 1.7 1.26 9.47
C- R -32 4.36 17.4 4.5 1.22 3.87
C-P B-16 6.45 11.2 6.0 1.10 1.87
C-PB-32 11.34 12.1 10.9 1.14 1.11
A-P B-16 5.23 11.5 3.5 0.79 3.29
A-PB-32 | 7.84 12.5 5.5 0.83 2.27
H-P B-16 6.55 11.3 7.5 1.01 1.51
H-P B-32 |. 11.30 12.0 13.5 1.05 0.89
I-P B-16 6.54 11.3 7.9 1.06 1.43
I-P B-32 11.88 12.6 14.0 1.04 0.90
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and shear forces simultaneously. In the experiment in this study, however, the axial
load was not applied to the column. Therefore, the specimens are in the predominant
bending situation. Thus, the formulae in the limit state design method can be applied
in calculating flexural and shear strengths of the specimens.

The calculated ultimate flexural moment (M,) and shear force (V) are listed in
Table 10. The experimental ultimate moments were almost the same as or slightly
larger than the calculated ones of all the specimens except for the adhesive joint
specimens. The ratio of the experimental ultimate moment to the calculated one
ranged from 0.90 to 1.63; however, most of the ratios concentrated around 1.0. Thus
the precise flexural moment of resistance could be predicted by the assumption of
the limit state design method. On the other hand, the experimental ultimate moment
of the adhesive joint specimens were considerably smaller than the calculated one,
and their ratios were about 0.80. The absence of reinforcing bars through the joint
surfaces in the specimen was taken into consideration into the calculation. That is,
the area of reinforcing bars was set equal to zero in Egs. (3) and (5).

According to the calculation, it was estimated that the load to cause the shear
failure at the joint was considerably larger than that to cause the flexural failure.
The experimental results were consistent with the estimation. Therefore, as far as
experiments of this study cover, the design methods examined here were proved to
be adequate. However, it was not possible to examine the adequacy of the calculated
shear strength because the shear failure did not occur at the joints in all the speci-
mens.

5.2 Crack Width

Several formulae regarding the crack width have been proposed. The formula
proposed by CEB-FIP in 1978 [14] has been widely applied to offshore structures.
This formula will be applied to predict the maximum crack width in this study. The
applicability of the formula to the specimens with joints is examined.

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

w=1.Tw, e (8)

W= Srm'égm

Sm=2{ e+ )+ kb2

T

P7=A3/Ac,ef
2
__ AU,, _ Aa'gr > AU;
em =5 {1 Bipe Aa‘) }=0. 7

where,
wy: characteristic crack width
¢: concrete cover thickness
¢s : spacing of bars
¢ : diameter of steel
Ac,er: effective embedded zone where reinforcing bars can effectively influence
the crack widths
4o, stress increment of reinforcement in the cracked section
E,: modulus of elasticity of reinforcement
da,y: stress of reinforcement calculated in the cracked section where the maximum
tensile stress in concrete (uncracked section) is taken equal to tensile
strength of concrete
k1 : coefficient expressing influence of bond behavior of reinforcement
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Table 11 The applied load at each crack width

crack width of 0. 1mm crack width of 0.2mm crack width of 0.3mm
. specimen cal. exp. cal. " exp. cal. exp.
(X 10°kgD|( X 10°kgt)| ®XP7/<Al- |(x 10%kgh)|(x 10°kgn)| CXP7/<2l- |( 5 109k gt)|( x 10 kg)| CXP/cal-

M- R -16 0.2 1.0 5.0 0.3 1.1 3.7 0.3 1.2 4.0
M- R -32 0.6 1.2 2.0 1.1 1.6 1.5 1.6 2.1 1.3
M-P U-16 1.9 2.1 1.1 2.1 2.5 1.2 2.3 2.8 1.2
M-P U-32 4.1 3.6 0.9 4.9 4.8 1.0 5.8 5.6 1.0
M-P B-16 2.1 2.4 1.1 2.5 3.0 1.2 2.9 3.3 1.1
M-P B-32 4.3 3.4 0.8 5.4 4.4 0.8 6.5 5.6 0.9
C- R -16 0.2 0.7 3.5 0.3 0.8 2.7 0.3 1.0 3.3
C- R -32 0.6 1.4 2.3 1.1 1.9 1.7 1.6 2.5 1.6
C-P B-16 2.1 2.3 1.1 2.5 3.2 1.3 2.8 3.6 1.3
C-P B-32 4.3 3.6 0.8 5.4 5.0 0.9 6.5 6.2 1.0
P-P B-16 1.5 2.2 1.5 1.6 2.5 1.6 1.7 2.7 1.6
A-P B-32 2.8 3.1 1.1 2.9 3.6 1.2 3.2 4.0 1.3
H-P B-16 2.8 3.1 1.1 3.3 3.9 1.2 3.8 4.4 1.2
H-P B-32 5.7 4.0 0.7 7.1 6.0 0.8 8.6 7.6 0.9
I1-P B-16 2.8 4.8 1.7 3.3 5.4 1.6 3.8 6.2 1.6
I-P B-32 5.9 7.0 1.2 7.4 8.8 1.2 8.9 10.4 1.2

k2: coefficient expressing influence of the form of stress diagrams
B1: coefficient related to bond properties of bars (=1/2.5 k1)
B2: coefficient related to the influence of the duration of the application or
repetition of the loads
This formula is applicable to calculate crack widths under the pure flexural state.

The comparison between the calculated crack width and the experimental one
was made in the following procedure: By Eq. (8), the bar stress increments (do,)
corresponding to the crack widths 0.1, 0.2, and 0.3 mm were calculated. Then the
forces which causes those bar stress increments were obtained. Those calculated
forces were compared with the applied loads in the experiment. When the calculated
force is smaller than the applied load at the same crack width, it is considered that
the calculated crack width is conservatively estimated at the same loads.

The calculated forces corresponding to crack widths 0.1, 0.2, and 0.3 mm are
listed in Table 11. At the same crack width, the applied loads to almost all the
specimens were larger than the calculated forces. However, the reverse results were
observed in some specimens with the higher reinforcement ratio. In this experiment,
shear stress occurred as well as flexural stresses. Although this formula had been
developed under the pure-bending situation, the safe side values of crack widths at
joint was obtained by this formula.

5.3 Cracking Moment

The experimental cracking moments and the calculated ones are listed in Table 12.
The cracking moment was calculated by the following equation. This equation was
proposed for flexural cracks.

Mc= (fcz"‘ﬂpe) ¢ Icc/h/Z ............ (9)

where, fe : modulus of rapture of concrete
ope: stress at the centroid of the concrete section due to the final prestress.
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Table 12 Cracking moment

Iee fe M, (X10°kgf-cm)
specimen exp./cal.
(cm?) (kgf/cm?) cal. exp.
M- R -16 71650 40.8 1.95 1.18 0.61
M- R -32 76261 40.8 2.07 1.77 0.86
M-P U-16 70910 . 48.7 3.25 2.95 0.91
M-P U-32 75393 48.7 4.46 3.54 0.79
M-P B-16 73502 48.7 3.37 2.95 0.88
M-P B-32 79443 48.7 4.70 3.54 0.75
C- R -16 71650 40.8 1.95 0.59 0.30
C- R -32 79261 40.8 2.07 1.77 0.86
C-P B-16 74093 46.8 3.30 1.77 0.54
C-P B-32 80617 46.8 4.67 3.54 0.76
A-P B-16 74161 49.4 3.43 2.36 0.69
A-P B-32 80584 46.8 4.66 4,72 1.01
H-P B-16 74167 49.4 3.43 2.64 0.77
H-P B-32 79589 47.6 4.65 2.64 0.57
I1-P B-16 74241 45.2 3.23 3.08 0.95
I1-PB-32 80030 44.4 4.50 3.52 0.78
ing force

I..: moment of inertia of uncracked composite section
h: overall thickness or depth of member
The experimental cracking moment was the applied one when a crack was initia-
ted. The calculated moments were considerably larger than the experimental ones in
all the specimens. The cause is considered that the loss of the prestressing force was
more than that had been expected and so on.

Table 13 Calculated stiffness at the fractured section

) E, stiffness (X 107kgf/cm)
SPECHMER 1 (X10°kgf/cm™| ;i1 [at the first yield| at the ultimate
M- R -16 2.08 1490 17
M- R -32 2.08 1586 369 8
M-P U-16 2.53 1860 249 30
M-P U-32 2.53 2010 526 122
M-P B-16 2.53 1860 249 30
M-P B-32 2.53 2010 526 122
C- R -16 2.08 1490 17 1
C- R -32 2.08 1586 369 8
C-P B-16 2.31 1712 254 33
C-PB-32 2.31 1862 524 134
A-P B-16 2.28 — — —
A-P B-32 2.31 — — —
H-P B-16 2.28 1691 239 29
H-P B-32 2.51 1998 559 149
1-PB-16 2.25 1670 239 29
1-PB-32 2.41 1929 485 97
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5.4 Stiffness and Neutral Axis

The stiffness was defined as the product of the effective moment of inertia and
the modulus of elasticity of concrete. The modulus of elasticity of concrete was mea-
sured in the preliminary experiment. The calculated flexural stiffness is listed in
Table 13. In the calculation, the effective moment of inertia was obtained under the
same assumptions as those in the limit state design method described in 5.1. Namely,
the location of the neutral axis due to the external load was calculated, and then the
effective moment of inertia about the neutral axis was computed.

The experimental initial stiffnesses (see Fig. 17) of all the specimens were about
1.1 to 1.2 times as large as the calculated ones. Furthermore, the experimental
stiffness at the first yield was also considerably larger than the calculated one.

7.5 T T 15 T |
E £
- “—
E —
@ &
E =
o
E £
s 3
Q “ - —
a a
o 5
1 1 ]

20 30 o} 10 20 30
neutral axis depth (cm) neutral axis depth (cm)

Fig. 53 Variation of neutral axis depth (M-R and M-PU)
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The location of a neutral axis has an effect on the stiffness of the specimen.
The neutral axis depth refers to the distance from the extremely compressive fiber
of concrete to the neutral axis. The variation of the depth of the experimental and
the calculated neutral axes at the joint are shown in Figs. 53 through 56. The ex-
perimental neutral axis depth was obtained by measured strains in bars and concrete.
The initial values of the neutral axis depth obtained in the PC specimens were much
different from those obtained by the calculation. Regarding the prestressing force as
the axial compressive force of the specimen caused these differences. The difference
of the experimental results and the calculated ones of the neutral axis depth became
smaller as the applied load was increased. Therefore, all the specimens showed the
larger experimental stiffness than the computed one, and the differences between the
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two values became smaller as the applied load was increased.
6. Conclusions

This paper describes the results of the static loading tests of the five kinds of
beam (or slab)-to-column joints in offshore structures and the examination on the
applicability of the limit state design method to those joints. The fundamental mech-
anical properties of the joints were made clear. The following conclusions were
obtained from the research work:

1) There was not much difference between the monolithic specimens and the con-
nected specimens with the cast-in-place joint, the haunch joint or the insertion
joint with regard to the ultimate flexural moment. However, the ultimate flexural
moment of the connected specimen with the adhesive joint was lower than those
of the other specimens.

2) Flexural cracks occurred at the joints in all the specimens. However, the location
of the crack formation is the joint differed among the specimens. The outline of
the crack formation was as follows: Cracks concentrated at the two joint faces
of the cast-in-place concrete region. Cracks concentrated only the joint face of
the adhesive joint specimens. Shear cracks occurred in the haunch region of the
haunch joint specimens after the formation of flexural cracks.

3) Flexural stiffness deterioration and equivalent damping coefficient were obtained
from the load-deflection relationships. The stiffness became 20 to 302 of the initial
stiffness at the first yield of reinforcing bars. The equivalent damping ratio ranged
from 5 to 7% at the first yield. The ductility factors at the ultimate of all the
specimens except for the adhesive joint specimens were almost the same.

4) The width of cracks in the adhesive joint specimens was larger than that in
other joints at the same flexural moment. Consequently, the application of the
adhesive joint to offshore structures should be made after careful consideration
on the durability.

5) The ultimate strength of the joints obtained by the loadmg tests was 0.8 to 1.6
times as large as those calculated by the limit state design method. Therefore, it
could be said that the joints mentioned in this paper had the safety in respect
to the ultimate strength.

6) The crack widths in the joints obtained from the experiment were generally
smaller than those obtained from the formula suggested in “CEB-FIP Model Code
for Concrete Structures.” The applicability of the limit state design method to the
design of the joints was confirmed on the crack width under the static loading.
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List of Symbols

: effective embedded zone where reinforcing bars can effectively influence the

crack width

: area of tension reinforcement

: area of compression reinforcement
: area of shear reinforcement

: width of section

: width of member

concrete cover for embedded reinforcing bars



Co -+
: effective depth of tension reinforcement
: distance from extreme compression fiber to centroid of compressive reinforce-

E.:

E;:

: specified compressive strength of concrete
f cd’ .
feor':
See:

Soua:
f vd -
f vod +

Suya:
ya - design yield strength of reinforcement

: overall thickness or depth of member

: equivalent viscous damping coefficient

: moment of inertia of uncracked composite section

: used as a subscript to describe ith loading cycle

: flexural stiffness

: coefficient for reduction in strength due to sustaining load (Chap. 5)

: coefficient expressing influence of bond behavior of reinforcement

: coefficient expressing influence of the form of the stress diagram

: applied moment in general

: moment at the limit of inducing tensile stress at a section considered

. first cracking moment

: design moment of resistance

: ultimate flexural moment

: first yielding moment

: resulting compressive force in the concrete section

: resulting tensile force of tension reinforcement

: resulting compressive force of compression reinforcement

: ratio of longitudinal reinforcement to area of web concrete

: spacing of shear reinforcement in direction parallel to longitudinal reinforcement

: average distance between cracks

: resistant shear force without shear reinforcement

: design shear strength

: resistant shear force when shear reinforcement yields

: characteristic crack width

. mean crack width

: neutral axis depth

: distance from extreme compression fiber to line of action for resulting compres-

N

Ba
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spacing of bars

ment
modulus of elasticity of concrete
modulus of elasticity of reinforcement

design compressive strength of concrete
characteristic compressive strength of concrete
bending-tensile strength of concrete

design tensile strength of prestressing steel
design shear strength of concrete

apparent design shear strength of concrete
design yield strength of shear reinforcement

sion force

: distance from centroid of applied resulting compressive force to centroid of

tension reinforcement

: angle between inclined stirrups and longitudinal axis of member
: coefficient related to bond properties of bars

B

coefficfent related to the influence of the duration of the application or repeti-
tion of the loads
coefficient to take account of influence of effective depth on shear strength
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o
Br:

7t
Te:
Oy
Ou:
une
T
daos:
Aa.;r:

coefficient to take account of influence of axial force on shear strength
coefficient to take account of influence of longitudinal reinforcement on shear
strength

! member factor

material factor for concrete

deflection at the first yield

deflection at the ultimate

ductility factor at the ultimate

circular constant

stress increment of reinforcement in cracked section

stress of reinforcement calculated in the cracked section where the maximum
tensile stress of concrete (uncracked section) is taken equal to tensile strength
of concrete

! concrete compressive strain

: limiting concrete strain at the ultimate state
: strain of prestressing bar

: strain of reinforcement

: compressive strain of compression reinforcement
! mean elongation

: tensile strain of tension reinforcement

: concrete compressive stress

: stress of prestressing bar

: effective prestressing stress

: stress of tension reinforcement

: stress of compression reinforcement

: diameter of steel or curvature of section

: reinforcement ratio

Abbreviations

: adhesive joint specimen

: cast-in-place concrete joint specimen

: haunch joint specimen

: insertion joint specimen

: monolithic joint specimen

: bonded prestressed concrete specimen

: prestressed concrete in general

: unbonded prestressed concrete specimen
: reinforced concrete specimen

: reinforced concrete in general

Abbreviations for Professional Organizations and Standard

CEB
FIP
JCI
JIS

JSCE

: Comité Européen du Béton

: Fédération Internationale de la Précontrainte
: Japan Concrete Institute

: Japanese Industrial Standard

: Japan Society of Civil Engineers
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Appendix A. Details of the Specimen
The details of the specimens are shown in Figs. Al through A7.
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Fig. A4 Details of the specimens (A-PB)
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Appendix B. The Location of Instrumentation
. The location of electrical resistant strain gauges attached in bars and on the
concrete surface are shown in Figs. Bl through B5.
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Appendix C. The Load-Deflection Relationship

The measured actual load-deflection curves of all the specimens are shown in
Figs. C1 through C16. The deflection was measured at the loading point. The load
was applied towards its negative value at first. Then the load was decreased

and increased to the positive value. In the experiment, this loading pattern was
repeated up to the ultimate.
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Fig. C1 Load-deflection curve (M-R-16)
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Appendix D. Deflected Shapes of the Specimen

F igufes D1 through D6 show the deflected shapes of the column at the each

. applied load.
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Fig. D1 Deflected shapes (M-R)
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Appendix E. Variation of Crack Width

The variations of crack widths of the specimens with the lower reinforcement

ratio are shown in Figs. E1 and E2.
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Fig. E1 Variation of crack width (RC)
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Appendix F. Distribution of Concrete Strain

The distributions of concrete strain on the column are shown in Fig. F1 through
F5.
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