Al-Azhar University Civil Engineering Research Magazine (CERM)
Vol. (40) No. (4) October, 2018

\

BEHAVIOR OF BEAM-COLUMN JOINTS WHI:I:

DIFFERENT BEAM-COLUMN CONCRETE STRENGTHS

A.O. El-nattar?, A. Khalil®*, A. Beih®

astructural Engineering department, Higher Technological Institute, 10" of Ramadan City, Egypt
b Structural Engineering department, Faculty of Engineering, Ain Shams University, Egypt

; ,"ﬁul.f/bmild/

3 ganl) Alia g Aalaia die 3 eIl 53 gand) (A5l HAT) e glia CODUAT LU (gaa Al d a3 Caagy
RPENE

a5 S o i Jang il 2355 a8 350 (e 435S Aalisall 4ilu A (e e GO 230 4l 3 o
Laslie ciliall 338 G uiall OS5 JlgdV) s dsead) (ol e ef e Saitiad desy S8l 25 ell
38 2senll Aaglia 5 2ae/i 538 b aSH Al A daslia (W) Akl ) Cum 3ganll 555U Al )
AN aipnll g 200/ g0 50 2gend) daslia 5 2ae/(fi 5238 b a8l Al A Aaglie 4l alally Zas/isd
Lo 5 pealuatil) JS5 (pudi Ll Ao IS 200/(55 53304 3 gal) Ao glia 5 Zan/(5i 58 38 8 a8l Al ja A slia I V)
il aaadly Jladi¥) 5 481 48 jall s ad il 5 e EOEN gV Jaa (a3 a1 (pudi Ll bl
OS e Ay 5 Llere Lgle Jganll &5 1) 0 e @iaill sadaall juabial) 36y jlay Jolad Jee a3
Sl 138 (e s i g lalitiud Jae o5 400e) 5 dlenall @iliil) (e IS (a8 55 Sl

ABSTRACT

In high-rise buildings and heavy loaded structures where RC columns are
subjected to heavy loads, High Strength Concrete (HSC) used in column construction is
essential for the purpose of reducing column size and increasing column capacity.
However, from the economic standpoint, combination of high and normal strength
concrete (NSC) in building construction is becoming common practice, where HSC is
used for columns and NSC is used for the beams and slabs floor system. This creates a
situation where concrete strength of the column portion at the beam and slab floor level
is lower than concrete strength used for rest of the column. Previous studies indicated
that such variation in concrete strength affects the load carrying capacity of the RC
columns. A numerical investigation utilizes the non-linear finite element modelling
(FEM) was performed in ANSYS® to validate the experimental results. Overall, the
numerical results agreed very well with the corresponding experimental results at all
stages of loading.

KEYWORDS
High concrete strength, Normal concrete strength, Beam-column Joints, Concentric
load, Non-linear structural analysis.

1 INTRODUCTION

A Dbeam-column joint is a very critical zone in reinforced concrete framed
structure where the elements intersect in all three directions. Joints ensure continuity of
a structure and transfer forces that are present at the ends of the members. In reinforced
concrete structures, failure in a beam often occurs at the beam-column joint making the
joint one of the most critical sections of the structure. Sudden change in geometry and
complexity of stress distribution at joint are the reasons for their critical behavior. In
recent years, the design of joints in reinforced concrete structures was generally limited
to satisfying anchorage requirements. In succeeding years, the behavior of joints was
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found to be dependent on a number of factors related with their geometry; amount and
detailing of reinforcement, concrete strength and loading pattern.

In this research, the behavior of beam—column joint in the different concrete
strength between column & beam while the concrete strength of column more than the
concrete strength of beam under the failure load of column. In this case load capacity of
the column may be reduced and was found to be a function of the ratio of the column
concrete strength (HSC) to the beam concrete strength (NSC). In this study, a variety of
experimental & theoretical models of concrete strength for column and beam were used
in order to investigate the structural behavior of integrated RC building frames under
concentric failure static loads.

Study was implemented depending mainly on static analysis and design
regulations of the Egyptian code for the design & construction of reinforced concrete
buildings. In recent years the evolution of computer technology has advanced to the
stage where the finite element method (through codes such as ‘ANSYS’) can
realistically be used to model full-scale buildings and subject them to a variety of loads,
including seismic. Modelling through a detailed finite element discretisation of the
structure can provide a more realistic representation of the actual behaviour of RC
buildings. Therefore in this research the theoretical models of beam - column joints of
RC framed structures were implemented using ANSYS computer package ver.14.

2 EXPERIMENTAL PROGRAM
The experimental work of the present study consists of testing three specimen’s
reinforced concrete.

2.1 Test Specimens

This research consists of three specimens the variable of specimens is the
concrete strength of column while the concrete strength of beam is constant were tested
in the laboratory and labelled with S1, S2, and S3. Each specimen will be studied and
analyzed under the effect of different concrete strength. All specimens have the same
dimensions and steel reinforcement but differ in the concrete compressive strength of
the columns. The three specimens have a one beam 800 mm long, 150 mm width and
250 mm depth framed at mid-height of a column of 150 x 250 mm cross section and
height of 1300 mm with column heads of height of 400 mm in the lower and upper part
of column. All specimens were provided with the same identical amount of main
reinforcement, as shown in table (1). Fig. (1) shows the geometry and reinforcement
details of the tested specimen.

Table (1): Description of the Tested specimens

. Dimensions Main . Concrete
Spel\(lz(l)n_]en (mm) Reinforcement Stirrups St(rﬁlr)gmgw
beam | column | beam column beam column | beam | column
S1 pa 2 2716 | 4912 | 6@8/m'| 8@8/m' | 38 38
S2 “8| %. [ 2716 | 4712 |egeim | 8oem | 38 50
S3 S 8% | 2716 | 4712 |e@8/m' | s@e/m' | 38 94
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Fig. (1): Steel Reinforcement Details of the all tested specimens

2.2 Equipment and Instruments:

The three specimens were tested in the RC laboratory of Ain Shams University.
The specimens were tested using a hydraulic jack of 300 ton capacity that they were
tested directly by applying a concentrated load at the top of the column head for S1, S2

and S3 as shown in Fig. (2). Before testing the specimens, a calibration was done for
hydraulic jack by using a calibration ring in order to control the load on the column and
the beam during the tests. A hydraulic jack imposed the axial load. Beam was loaded
with a constant load of 21kN load increments downwards at distance of 100 mm from
the free end of the beam. Columns were loaded by applying an axial load until failure
occurred.
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Fig. (2): Testing Set-Up For all specimens

Rigid ficor

2.2.1 Measuring devices:

Two linear variable displacement transducers (LVDT) with 120 mm range were
used to measure the beam deflection at the mid span of beam and under beam load. The
strains of concrete were measured using electrical strain gauges with 120.3+0.5 ohm
resistance fixed on the extreme compression fiber and mechanical strain gauges, called
tensometers with 60 mm gauge length, and 0.001 mm accuracy. The strains in steel bars
were measured using electrical strain gauges with 120.4+0.4 ohm resistance. For the bar
with diameter 16 mm used strain gauge 10 mm gauge length and for the bar diameter 10
mm and 12 mm used strain gauge 6 mm gauge length. These gauges were fixed on the
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steel bars before casting using special glue and covered with a water proofing material
to protect them. The data acquisitions were used in the measurements of strains and
deflection and corresponding acting load on tested specimen. Fig. (3) Show general
arrangement for deflectometer and electrical strain gauges for all specimens.
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Fig. (3): General Arrangement for Deflectometer And Electrical Strain Gauges For
Specimens (S1, S2, S3)
2.3 Test Procedure:

The three specimens were tested using an incremental static loading procedure.
Firstly the applied load on the column was around 10% of the failure load for the
purpose of specimen installing, Secondary the applied load on the beam was constant
vertical load equal to 0.5Psiure (Prailure iS ultimate load of beam section = 4.2 tons) and
after that the loading of column started again upon the failure. All the readings of beam
deflection, compression and tension strain were recorded at all load stages using
computer controlled data acquisition system. All the cracks lines were marked using
marker pen. All the process took time at about 30 minutes for every specimen.

3 EXPERMENTAL RESULTS
3.1 Crack Patterns, Cracking Loads and Failure Loads

For the tested three specimens, the cracks started from the connection zone
between beam and column. At further load increments, caused the crack to extend
diagonally towards the opposite corners of the connection zone, and generated one or
two other cracks. Other cracks appeared at the beams of these specimens and the lower
part and upper part of the columns. Table (2), shows the cracking load at which the first
crack appeared and the failure load at which the deflection increases although the load is
constant for the tested specimens. Figure (4) show the general crack patterns for the
tested specimens.

Table (2): Experimental Results of Cracking Load, Failure Load

. Concrete strengths Beam The I-oad Ultimate Ultimate
Specimen 5 . of First beam
Fcu(N/mm?) axil load load :

NO. crack deflection

KN | ey | KN

Beam | Column (KN) (mm)
S1 38 38 21 320 1241 49.38
S2 38 50 21 310 1195 38.52
S3 38 94 21 330 1287 61.98

120



/1 IR
k
e J:

iure (4): General Crack patterns of Specimens (S1, S and S3)

From table (2) and figure (4), the following remarks could be concluded:

For the tested specimens, Investigation of the results reveals that the failure load of
model S1 (124.1 ton) is more than failure load of S2 (119.5) although the concrete
compressive strength of column of S2 (500 kg/cm?) is more than S1 (380 kg/cm?). Then
the failure load of model S3 (128.7 ton) increases with small value than S1 (124.1 ton)
although there is a big difference between them in the concrete compressive strength
equal to 560 kg/cm?,

Regarding of column failure loads of specimens S1, S2 and S3, the experimental
results indicates to decreasing of failure loads with the increasing of concrete
compressive strength of columns due to the discontinuity of concrete compressive
strength of columns at beam - column joint that leads to creation of weakness point at
joints.

3.2 Load-beam deflection relationship of specimens

The experimental results of load-beam deflection curves at end of beam (D1)
and load- beam deflection curves at mid span of beam (D2) were plotted for the three
tested specimens as shown in figures (5) and (6).
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Figure (5): Experimental Results of R — Figure (6): Experimental Results of R —
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From figures (5) and (6), the following remarks could be concluded:
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For the tested specimens, the maximum beam deflections (D1 & D2) at failure load of
specimens S1, S2 and S3. Figures and table demonstrates that deflection of beam
decreases from S1 (38 N/mm?) to S2 (50 N/mm?) with percentage 28.3% then increased
for S3 (94 N/mm?) with percentage 25.5% than S1 (38 N/mm?).

From these figures, it can be noted the effects of concrete strength increasing of
column on beam deflections that when the concrete strength increases from S1 (38
N/mm? - NSC) to S2 (50 N/mm? - HSC) the failure load decreased and consequently
beam deflection decreased but when the concrete strength increases from S1 (38 N/mm?
- NSC) to S3 (94 N/mm? — high performance concrete) the failure load increased very
little and consequently beam deflection increased. As the confinement of joint region,
size and stiffness are the same for all models; the main affecting factor on beam
deflection is the increasing of concrete strength of column specimens.

Finally, the load deflection curves of the tested frames are nearly linear at the
early stages of loading, up to the yielding load. However, once the yielding occurs
excessive cracks take place, and accordingly the deflections increase rapidly.

3.3 Strains
3.3.1 Load-reinforcement strain relationship for specimens

The experimental results of load load-strain curves for the longitudinal
reinforcement & stirrups of the column and beam of models (S1, S2 and S3) were
plotted for the three tested specimens as shown in figure (7).
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Figure (7): Experimental Results of R — Strain of Reinforcement Curves

From figure (7) the following remarks could be concluded:

For the tested specimens, Compression & tension strains of vertical reinforcement of
column at location 2 & 3 respectively at upper & lower parts of joint having the same
behavior that at location 2, strain for S1 (38 N/mm?) is -0.00158 increases with
percentage 43.6% than S2 (500 N/mm2) and 50.5% than S3 (94 N/mm?). This means
when concrete strength of upper & lower parts of column increases to HSC & and high

122



performance concrete, the compression & tension strains of vertical steel reinforcement
of column above and below joint part (NSC - 38 N/mm?) in column decrease with
bigger value and there are effects of beam moment on joint that can transfer the strains
from compression to tension.

Tensile strains of main longitudinal reinforcement of beam in face of
column at joint location 1 are resulted from negative moment of beam at this location.
Strain for S1 (38 N/mm?) is 0.001 less than S2 with percentage 7% (500 N/mm?) and
10% than S3 (94 N/mm?). This means when concrete strength of column increases to
HSC and high performance concrete, the strains of beam reinforcement in tension zone
increase.

Due to moment resulted from beam on column at joint, strains of stirrup of
column at beam-column joint (locations 4) were tension and increased generally with
increasing of column concrete strength. Strains at location 4 for S1, S2 and S3 are
0.00085, 0.00093 and 0.00106 respectively. This means that the negative moment
resulted from beam on joint caused tension on beam-column joint zone.

3.3.2 Load-Lateral concrete strain relationship for specimens

1400 ) 1400 1400

| 1000 I - . 1000 § B |
z 5~
\ £ / i
\ = i )
G 600 3 g o600 '
- 7 ——s1-Con. 3
e $1-CoN. — 510

00 g
/ ; g y, on
400 # B 400 H ceaees 5200, 400 +eese S2.CON
/ S3.Con. ]
200 $3-Con. w 20 S3-Con.
/ train / strain strain

© 000005 -0.0001 -0.00015 -0.0002 -0.00025 -0.0003 0 000005 -0.0001 000015 -0.0002 -0.00025 -0.0003 0 000005  0.0001 000015 00002  0.00025

Figure (8): Experimental Results of R — Strain of Lateral concrete Curves
From figure (8) the following remarks could be concluded:
For the tested specimens, by comparing the maximum strain values of S1, S2 and S3,
it is revealed that:
Lateral strains of concrete at location 1 below beam (figure (8a) - compression zone)
for S1 (38 N/mm?) is -0.000221, S2 (500 N/mm?) is -0.00022 and S3 (94 N/mm?) is
-0.00023. This means the strains of beam in compression are almost the same when
concrete strength of column increases to HSC and high performance concrete.
Lateral strains of concrete at location 2 & 3 at beam-column joint (figures 8b & 8c)
having the same behavior that at location 2, strain for S1 (38 N/mm?) is -0.000122 less
than S2 with percentage 2.3% (500 N/mm?) and 80.3% than S3 (94 N/mm?). This
means when concrete strength of upper & lower parts of column increases to HSC and
high performance concrete, the strains of joint part (38 N/mm?) in column increase.

3.3.3 Load-Vertical concrete strain relationship for specimens
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Figure (9): Experimental Results of R —Strain of Vertical concrete Curves

From figure (9) the following remarks could be concluded:

For the tested specimens,

Vertical strains of concrete at location 1, 2, 3 & 6 at upper & lower parts of joint
having the same behavior that strain of S1 (38 N/mm?) is larger more than S2 with
percentage 100% (500 N/mm?) and 204% than S3 (94 N/mm?). This means when
concrete strength of upper & lower parts of column increases to HSC and high
performance concrete, the strains of column above and below joint part (NSC - 38
N/mm?) in column decrease with bigger value.

Due to moment resulted from beam on column at joint, strains at locations 4 and 5
(compression zone & tension zone receptivity) increases generally with increasing of
column concrete strength.

General analysis of these results above shows the effects of high strength of
concrete for upper & lower parts of column and normal strength concrete of joint
(middle part of column 38 N/mm?) which creates weaker zone in the column
(discontinuity of strength of the same structural member).

4 FINITE ELEMENT MODEL

4.1 Methodology

The main aim of performing a finite element analysis of the models was to
extend the investigations carried out experimentally to have better understanding of the
behavior of all tested specimens

The application of the appropriate boundary conditions for column bases, which were
assigned equal to zero for all degrees of freedom (creating fixed ends and simultaneously the
modelling of the fixation in experimental work). The main Three-dimensional finite element
model of the RC beam - column joint models (S1, S2, and S3) that were generated using ANSYS
is shown in Fig.( 10).The differences between models are the concrete compressive strength (Fcy)

0001 00015 0002

ElementLink180

= s s e
Fig. (10): F.E models

(@) The main 3D finite element model of the S1, S2 and S3 models (beam — column
joint) - Difference between models are F¢, of column & beam
(b) Steel reinforcement of the 3D finite element model of all models (S1, S2 and S3).

124



4.2 Results and Verification of FE Models

To verify the FE model, a comparison of the results from tests and those from
the FE analyses was made; as shown in Table (3). It can be seen that the FE model
captured the structural behavior in a satisfactory way. The maximum failure load
resistances obtained in the FE analyses are equal to those obtained in the tests to within
9% difference.
Table (3): Comparison for failure loads in Exp. and FE analysis

Model Corll(;rue(tﬁl/sr;rﬁ]r;g);ths aﬁf?c?;d The load of First crack (KN) Ultimate load (KN)

NO. Beam Column (KN) EXP. | FEA | Pexp/Prea EXP. F.EA Pexp/Peea
S1 38 38 21 32 298 0.11 1241 1165.5 1.06
S2 38 50 21 31 285 0.11 1195 1115.55 1.07
S3 38 94 21 33 303 0.11 1287 1182.15 1.09

Figures (11) and (12) show samples of comparisons between load- lateral

deflection curves of the finite element analysis and test results obtained for specimens
S1, S2 and S3 at the critical section. The model agreed well with the test results in terms
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Fig. (11): Comparison between the Experimental and Analytical Load- beam deflection
(D1) relationship for all models
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Fig. (12): Comparison between the Experimental and Analytical Load- beam deflection
(D2) relationship for all models

5 CONCLUSIONS

Based on the obtained experimental and numerical results, the following main

conclusions can be drawn:

1. For columns tested under axil loads, the failure load of second specimen
[SON/mm?] was less than first specimen [38N/mm2], and third specimen
[94N/mm?] more than first & second specimens. The HSC of column gives
lower failure load then NSC but high performance concrete [94N/mm?] gives

more failure load.
2.

With respect to the columns tested under axil load, the ratio of column concrete

strength to beam concrete strength between S2 & S1is 1.3 and S3 & S1 is 2.5.
The ratio of column failure load between S2 & S1 is 0.96 and S3 to S1 is 1.04.
The difference in concrete strength between column & connection zone has a
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[1]

[2]

[3]

[4]

[5]

[6]
[9]
[7]
8]
[9]

[10]

negligible effect on the failure load of (S1&S2) but has improved for (S1&S3).

. The longitudinal steel reinforcement of column & stirrups at beam-column joint

were yielded which demonstrates clearly that failure occurs at connection of
beam with columns for all specimens.

Due to the high performance concrete of column [94N/mm?] the deflection of
beam is more than NSC [38N/mm?] of column & beam.

. Axial forces in building columns are one of the important factors which affect

the ductility (section rotation capacity) of beam - columns joint. In general a
reduction in the compressive axial load will increase the ductility of the section,
but may compromise the ultimate strength. Therefore when concrete strength
increases the section ductility decreases which leads to failure occurs at joint.
This happened in columns S3 (concrete strength 94 N/mm? under concentric
load).

. The simulation of specimens ( beam-column joint) using F.E analysis in the

ANSYS 14.0 program are quite well since mode of failure, failure loads and
deflection of beams predicted were very close to those measured during
experimental testing.

Results of the F.E. analysis showed good agreement with the experimental
results with difference in rang of 9%.
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